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Summary 
 
 
Ocean surface wind is a key parameter of the Earth’s climate system. Occurring at the interface between 
the ocean and the atmosphere, ocean winds modulate fluxes of heat and moisture as well as gas exchanges. 
They reflect the lower branch of the atmospheric circulation and represent a major driver of the ocean 
circulation [Bourassa et al., 2010(a); Fairall et al., 2010]. Studying the long-term trends and variability of the 
ocean surface winds is of key importance in our effort to understand the Earth’s climate system and the 
causes of its changes on a variety of temporal and spatial scales. To this end, a consistent and long-term 
ocean surface winds Climate Data Record (CDR) is critically needed to understand several phenomena [Atlas 
et al., 2011] - from convective organization and its upscale growth, to the Madden-Julian Oscillation 
evolution and El Niño/Southern Oscillation events [DeMott et al., 2015] - and to evaluate whether such 
phenomena are properly reflected in climate models. 
Spaceborne scatterometers provide high-resolution measurements of surface winds. By being assimilated 
into weather prediction and forecast models, scatterometer wind retrievals have significantly improved 
tropical cyclones forecasting, marine now-casting as well as numerical weather predictions [Bourassa et al., 
2010(b)]. Currently, more than three decades of surface wind data are available from spaceborne 
scatterometer/radiometer missions and the Ocean Vector Wind Science Team is now working to inter-
calibrate all these measurements with the aim of building a consistent Global Ocean Wind CDRs. In this 
scenario, it is crucial to have accurate scatterometer wind retrievals as well as consistency among 
measurements from scatterometers at different frequencies [Wentz et al., 2016]. 
Wind retrievals are obtained by inversion algorithms of geophysical model functions (GMFs) that 
represent the relationship between ocean backscatter and the wind parameters [Wentz and Smith, 1999; 
Hersbach et al., 2007]. Such relationship is defined on empirical basis by either correlating collocated 
backscatter with buoy-based wind measurements or by fitting satellite data with weather model winds. Being 
measurement-dependent, the GMFs reflect the uncertainty in the measurements and they are not properly 
defined in all weather conditions, causing errors in the wind retrievals [Soisuvarn et al., 2013; Ricciardulli et 
al., 2015]. In addition, winds retrieved from sensor-specific GMFs may compare differently with modeled 
winds and the use of these empirical functions complicates the understanding of the sources of these 
inconsistencies, affecting the reliability of the CDRs. 
Theoretical models of ocean backscatter have the big potential of providing a more general and 
understandable relation between the measured microwave backscatter and the surface wind field than 
empirical models. This theoretical model will not only help to correct the limit of the current GMFs, but it 
will also help to interpret the ocean response for complex ocean and atmospheric conditions. Therefore, the 
goal of this research is to understand and address the limitations of the theoretical modeling, in order to 
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propose a new strategy towards the definition of an optimized multi-frequency model able to account for the 
effects of both wind and rain. 
To do that, the work is divided in two main steps, consisting in: (i) modeling the ocean response in clear 
air and (ii) extending the model in presence of rain. It is essential to determine a reliable model in absence of 
rain before including any additional effect that contributes to the radar signal, therefore, a big effort is done to 
define a model in rain-free conditions. In this work, we present a new configuration of the Two-Scale Model 
(TSM), in the attempt to improve the theoretical modeling of the ocean surface backscattering coefficient at 
different operating frequencies, i.e., Ku-band (13.4 GHz) and C-band (5.3 GHz). This model is combined 
with the ocean surface wave spectrum as described by Elfouhaily et al., (1997). Two spectrum parameters are 
adjusted to improve the ocean response sensitivity to the wind. In particular, the tuning strategy is formulated 
such that arbitrary values are not included, in order to not limit the generality of the model. The validation of 
the proposed model is performed at Ku-band frequency by using the empirical geophysical model function 
derived for the Ku-band NASA QuikSCAT Scatterometer as well as real backscatter measurements collected 
from the Ku-band SeaWinds scatterometer onboard the Advanced Earth Observing Satellite (ADEOS)-II. At 
C-band frequency, the validation is performed against the CMOD5.n GMF developed for European 
scatterometers. Although the model shows remarkable results at Ku-band, it reveals discrepancies at C-band. 
The reason for such discrepancies as well as a possible way to address them are also discussed. Since we are 
not accounting for non-Bragg scattering mechanism affecting the horizontal polarization, the results are 
presented in vertical polarization only. The issue related to the ocean backscattering in horizontal polarization 
is also presented. 
The second step of this research is focused on extending the new proposed spectrum model to properly 
include the ocean surface modifications induced by the impact of the raindrops, on a theoretical basis. Two 
main rain effects have been included in this spectrum, such as: the short wave damping according to the 
theory proposed by Nystuen, (1990) and the generation of the ring waves, as shown by Bliven et al., (1997). 
The results of the ocean backscatter affected by rain are shown at Ku-band only due to the model reliability in 
rain-free conditions. The magnitude of the rain effects is validated by comparing the results with the model 
proposed by Contreras and Plant, (2006). The proposed theoretical model is also validated by using actual 
measurements collected during the ADEOS-II mission from both the SeaWinds scatterometer and the 
Advanced Microwave Scanning Radiometer (AMSR). The model shows a slight underestimation of the real 
data. The reason for such disagreement is discussed.  
At the end of this work, we were able to clearly formulate outstanding issues of the theoretical modeling 
of the ocean backscattering and to devise a path for addressing them, providing a framework for future 
investigations. In particular, this research has revealed the need for new understanding of the frequency-
dependent modeling of the surface backscatter in response to the wind-forced surface wave spectrum. 
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Chapter I 
Introduction 
 
 
1.1. Importance of Ocean Wind Retrievals in Climate Change 
 
Understanding and predicting climate variability and trends is one of the most concerning issues regarding 
our natural system. Significant improvements of climate models and their predictions have been achieved, 
however, uncertainties remain large and more accurate information is needed. Over the last two decades, it 
has been recognized that the ocean plays a very important role in the Earth’s climate system. The ocean 
exchanges with the atmosphere large quantities of heat, carbon dioxide, moisture and momentum and this 
ocean/atmosphere interaction intrinsically determines the long time scales of climate changes [Bourassa et 
al., 2010(a); Fairfall et al., 2010]. However, the dynamics at the ocean-atmosphere interface remain poorly 
understood, leading to significant errors in their model representation and reducing the accuracy of climate 
models. Surface winds represent one of the key variables needed to interpret the interaction between the 
ocean and the atmosphere [Bourassa et al., 2010(b); Atlas et al., 2011]. Surface winds drive the ocean 
circulation as well as the ocean transport and they are needed to estimate ocean currents. Ocean currents help 
the heat redistribution through transport of warm water from the equator toward the poles, and in turn 
regulate the exchange of heat and momentum affecting the global climate [Cronin et al., 2010]. As pointed 
out in the 2007 National Research Council Decadal Survey of Earth Science, accurate measurements of ocean 
wind vectors are essential to fully characterize the ocean circulation, ocean heat storage and ocean climate 
forcing. 
To this end, spaceborne scatterometer observations are essential since they provide high-resolution 
measurements of surface wind speed/direction and they guarantee extensive ocean data coverage over a 
variety of time scales. As pointed out by the recent work from the Ocean Wind Vector Science Team 
(OVWST) [Wentz et al., 2016], at the present time, more than three decades of ocean wind data from both 
passive radiometers and active scatterometers are available, as shown in Fig. 1.1. This offers a unique 
opportunity to merge and inter-calibrate all these wind retrievals into a time series of global ocean winds, 
namely ocean wind Climate Data Record (CDR), in order to provide a complete and continuous picture of the 
ocean wind variability, necessary for improving the scientific knowledge of the Earth’s climate system. 
Different institutions like NASA-Jet Propulsion Laboratory (JPL), Remote Sensing Systems (RSS) and the 
Royal Netherland Meteorological Institute (KNMI), have put significant effort towards this direction and 
early versions of ocean winds CDRs are already available [Wentz et al., 2013; Verhoef et al., 2016], but it is 
extremely important to keep working on evaluating, improving and extending the current CDRs. The 
OVWST has already planned activities to improve the current CDRs, consisting in wind retrieval validation 
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through in-situ buoy measurements, wind speed retrievals inter-calibration by multiple sensors and inter-
comparison of the multiple version of current CDRs available from different institutions.  
Especially now, in the phase of recent and upcoming new observing systems, it is crucial to establish 
consistent methodologies that lead to instrument-independent and extended CDRs of the ocean winds. In 
particular, the ISS-based Ku-band NASA’s RapidScat scatterometer mission with its unique non-sun-
synchronous orbit, provided for the first time the ability to sample the ocean winds throughout the diurnal 
cycle, detecting significant diurnal signal. Due to its orbits, the ISS-RapidScat scatterometer also provided a 
significant increase in the rate at which close collocated data are accumulated, essential for inter-calibrating 
different instruments. The data from this mission will be soon integrated into the current CDRs, as well as the 
data from the very-recent Ku-band Scatterometer Satellite-1 (ScatSat-1) mission – data are already 
disseminated to NASA-JPL – successfully launched on September 2016 by the Indian Space Research 
Organization (ISRO) as follow-on of OSCAT (Oceansat-II) to continue the global ocean wind data 
acquisition. The complete evaluation will become even more important when incorporating future new wind 
products that could be available from Ka or L-band scatterometer observations. 
 
 
 
Figure 1.1. Time chart of the past/present/future missions for ocean scatterometry and microwave radiometry. The black lines show 
the series of microwave scatterometers measuring ocean vector winds. The dotted line extending the QuikSCAT from 2009 onward 
denotes the non-spinning phase of operation. The blue lines show the SSM/I and SSMIS instruments on the series of DMSP satellite 
platforms numbered F8 to F20. These sensors only provide ocean wind speed, not direction. The pink lines show the microwave 
radiometers providing measurements of sea surface temperatures, wind speed, water vapor, clouds, and rain rates. WindSat is the only 
microwave radiometer that also provides wind direction due to the inclusion of polarimetric channels. The green lines show the L-
band radiometers SMOS, Aquarius, and SMAP, suited for measuring high winds in storms [Wentz et al., 2016]. 
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1.2. Current Status of Scatterometer Ocean Surface Wind Retrievals 
 
1.2.1 Principles of Ocean Scatterometry 
 
Spaceborne scatterometers are active instruments designed to measure ocean surface winds by 
observations over ocean. Several spaceborne scatterometer missions have been launched in the last 38 years, 
starting from the NASA Seasat-A Satellite Scatterometer in 1978, until 2016 with the very-recent ISRO 
ScatSat-1 mission, as shown in Fig. 1.1. These scatterometers work at microwave frequencies such as: C-
band (~5.3 GHz) for the ESA ERS-1, ERS-2 and ESA/EUMETSAT ASCAT missions, Ku-band (~13.4 GHz) 
for NASA NSCAT, QuikSCAT, SeaWinds, RapidScat and ISRO ScatSat scatterometers and L-band (~1 
GHz) for the Aquarius mission, which is a joint venture between NASA and the Argentinean Space Agency. 
Ocean wind scatterometry is based on the assumption that the microwave scatterometer signal is sensitive 
to those ocean waves, referred to as capillary/gravity-capillary (hereafter capillary) waves, which are directly 
generated by the surface winds. In particular, the scattering mechanisms from this ocean waves is described 
by the Bragg resonance theory [Wright, 1968; Valenzuela, 1978], which states that the incident 
electromagnetic waves, characterized by wavelength λ and incident angle  , are in resonance with those 
ocean surface waves of comparable wavelength λB, that satisfy the Bragg resonance condition expressed in 
Eq. (1.1) (where n is an integer). At microwave frequencies, the wind-driven capillary waves meet this 
condition, so that they are responsible for the radar backscattered power. 
 
   
 
 
 
     
 (1.1) 
 
The quantity of primary interest in ocean remote sensing, as well as for general remote sensing 
applications, is the so-called Normalized Radar Cross Section (NRCS), also known as ocean surface 
backscattering coefficient, which is derived by the surface backscattered power through the radar equation. 
This equation describes the relation between the radar transmitted and received power as function of the 
parameters characterizing the radar system as well as the illuminated target itself. In order to define this 
relation, let us consider a radar antenna, characterized by gain  , which transmits a power    towards a 
scattering element, whose distance from the antenna is equal to   [m]. The incident power density    to this 
scattering element, is defined as [Stoffelen, 1998]: 
 
       
 
       
 .  (1.2) 
 
The factor        
      quantifies the spreading loss, which represents the reduction in power density 
associated with the power spreading over a sphere of radius   surrounding the antenna. 
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By assuming that:  
 
(i) the effective receiving area of the scattering element is a portion of the total area and it is defined 
as    ; 
(ii) the scattering element is characterized by a gain    toward the receiver; 
(iii) a fraction    of the incident power is absorbed by the scattering element; 
 
then the power reradiated by the scattering element can be defined as              . These factors are 
combined together into one single factor that describes the radar cross section (RCS)   as [Ulaby et al., 
1982]: 
 
             . (1.3) 
 
Therefore, in case of a monostatic radar, whose transmitter and the receiver are placed in the same 
location, by assuming the effective area    of the receiver as      
    , the power received back to the 
antenna from a single scattering element is [Ulaby et al., 1982]: 
 
                    
  
     
   
 
  
 . (1.4) 
 
As shown in Fig. 1.2, natural surfaces as the ocean surface, can be considered as distributed target 
composed by several scattering elements and it is reasonable to assume that each illuminated element of area 
   acts as single element, which defines a received power     as:  
 
     
  
     
   
 
  
  . (1.5) 
 
Therefore for the entire area    illuminated by the radar, the total received power is [Stoffelen, 1998]:  
 
     
  
     
   
 
  
  
  
. (1.6) 
  
For such distributed target, the dimensionless radar cross section per unit surface, denoted as    
      , represents the NRCS, which intrinsically contains the physical properties of the illuminated area and 
it is indirectly connected to those geophysical parameters that contribute to the modification of surface. In 
case of the backscattered power from the ocean surface, by being generated by the wind-driven capillary 
waves, the ocean surface NRCS contains information of surface winds. For this reason, ocean scatterometry 
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applications are generally based on forward models, which describe the relationship between    and surface 
wind speed/direction, as well as inverse algorithm to retrieve such parameters from    measurements. 
Therefore, it is essential to carefully define both forward and inverse models as well as to perform accurate 
instrument calibration/validation, in order to reduce the sources of uncertainty in the radar measurements and 
in the parameters estimations. 
 
 
Figure 1.2. Schematic scattering mechanisms from a distributed scatter (natural surface) [credit: Marcantoni D.]. 
 
1.2.2 Empirical Ocean Surface Scattering Models 
 
Scatterometer wind vectors are currently derived by retrieval algorithms from empirical Geophysical 
Model Functions (GMFs), expressed in Eq. (1.7). It describes the relationship between the NRCS (  ) and the 
surface wind speed (  ) and relative wind direction   , which corresponds to the angle between the wind 
and the radar look direction [Hersbach, 2008; Ricciardulli et al., 2015]: 
 
                               
 
   . (1.7) 
 
Such equation is generally truncated up to the second order. By being a periodic function with respect to 
  , the GMF retrieval algorithm returns wind direction solutions 180  apart. To derive the correct wind 
solution, an ambiguity removal algorithm is used along with a quality control to determine the accuracy of 
each wind retrieval. The coefficients           carry information of the surface winds such that:    carries 
information on wind speed intensity,    describes the upwind (     ) and crosswind (      ) 
asymmetry, which is used to determine the wind direction, while    is used to resolve the remaining 180  
ambiguity. These coefficients are defined on empirical basis by correlating the scatterometer    observations 
with wind measurements from Numerical Weather Prediction (NWP) models, like the European Centre for 
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Medium-range Weather Forecasting (ECMWF), or other observed winds used as truth such as collocated 
radiometer winds and in-situ buoy measurements. By being dependent on the scatterometer dataset, the 
GMFs are scatterometer-specific model functions, therefore, for different scatterometer frequencies, the 
corresponding GMF is developed. Several institutions like NASA-JPL and RSS, KNMI and ICM-CSIC 
(Institut de Ciences de Mar) have been intensively working on developing refined GMFs [Verohef et al., 
2008; Ricciardulli et al., 2015], quality control systems [Portabella et al., 2001; Portabella et al., 2012; Lin, 
2015] and ambiguity removal algorithms [Stiles et al., 2002; Fore et al., 2014], in order to provide accurate 
estimates of scatterometer ocean surface winds. In addition, these institutions are now working on reconciling 
the different retrieval functions in order to define a single GMF for each type of instrument [Stoffelen et al., 
2016]. 
However, since the GMFs are measurement-dependent, it is difficult to account for all those effects that 
may compromise the quality of the wind estimates. Indeed, the lack of collocated scatterometer observations 
and “true” measurements in very high wind conditions and rain events, reduces the accuracy of the GMF, 
introducing a source of error in the retrieved wind. As an example, the C-band GMF CMOD5.n [Hersbach et 
al., 2007], developed for the ESA ERS-1 and ERS-2 and then adapted to the ASCAT winds by KNMI, 
reveals an underestimation of the ASCAT wind retrievals at wind speed higher than ~20 m/s with a bias 
increasing with the wind speed. The National Oceanic and Atmospheric Administration (NOAA) has 
developed an empirical high-wind-speed GMF, named CMOD5.h, with the aim to cover the ASCAT high 
wind portion [Soisuvarn et al., 2013]. Another example is the Ku-band GMF, named Ku-2011, developed by 
RSS [Ricciardulli et al., 2015]. Such GMF has been developed by using the radiometer WindSat wind data in 
non-rainy conditions, so that the wind retrievals may be largely affected by rain especially at low winds. 
Furthermore, recent findings show that, besides wind and rain, additional factors play an important role in the 
backscattered signal from the ocean surface. The work of Lin et al. (2015) shows that rain induces wind 
downbursts on the ocean surface with strong gust fronts, and as such, rain is also associated with enhanced 
wind variability that may significantly affect the signal. In addition, Wang et al. (2016) have shown that the 
sea surface temperature (SST) variability may also have a strong impact on the ocean backscatter. The SST 
modulates the ocean surface roughness by inducing a decrease of the dynamic viscosity of the water, causing 
a redistribution of the wind-driven ocean waves and in turn affecting the backscattering signal. Therefore, all 
these physical phenomena affecting the radar signal as rain, wind variability and SST, may degrade the 
quality of the wind retrievals if they are not properly compensated for. 
While enhanced rain-flagging techniques as well as improved quality control systems have proved to be a 
valuable approach to support the inversion algorithms of the GMFs, the impact of these additional factors on 
   remains not fully quantified and the physical reasoning is still not entirely understood, making difficult to 
include these effects in the GMFs and in turn leading to remaining uncertainties in the wind retrievals. In 
particular, these additional effects have a different impact at different radar frequency, therefore, they need to 
be carefully compensated in order to guarantee consistency in the scatterometer-specific wind estimates. The 
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recent studies carried out by the Wentz et al. (2016) shows that surface winds retrieved with current GMFs 
from different scatterometers compare differently to reference winds. Figure 1.3 shows two global maps of 
wind speed differences for the C-band ASCAT minus the Global Precipitation Mission (GPM) Microwave 
Imager (GMI) radiometer and the Ku-band NASA scatterometer RapidScat minus the WindSat radiometer 
during 2014-2015. Here, the radiometer winds are used as a reference. These two maps compare differently 
and, in addition, they show interesting features consisting in geographical patterns of the 
scatterometer/radiometer differences. The causes of such differences are still not fully understood and further 
investigations are already planned, but they reveal that there are still uncertainties in the current wind 
observations that the current empirical GMFs are not entirely able to address. 
 
 
Figure 1.3. Wind speed differences of ASCAT-A minus GMI (left) and RapidScat minus WindSat (right). The ASCAT-A/GMI 
results are a 2-year average (2014-2015), and the time collocation is 2 hours. The RapidScat/WindSat results are averaged from 
October 2014 to August 2015 and the time collocation window is1.5 hours. Color scale is in units of m/s [Wentz et al., 2016]. 
 
 
1.3 Goals of the Research: From Empirical to Theoretical Models 
 
Relying entirely on empirical models to address the recent shortcomings seen in the wind retrievals as 
well as for the design of future scatterometry missions is not advisable. The theoretical models have the big 
potential to describe the relation between the radar backscattering and the ocean surface wind in a more 
comprehensible way than empirical models and they also allow the inclusion of additional effects that may 
compromise such relation. Such model is highly needed by the scientific community. It gives the opportunity 
to improve the knowledge of the physics of the scatterometer observations, to benefit the understanding of the 
limits of the current GMFs to quickly develop model functions for new instruments and it is also useful to 
provide information of the actual surface effects that compromise the scatterometer measurements. Such 
knowledge is extremely important in the phase of developing extended and consistent CDRs. However, 
solving the electromagnetic problem of the ocean backscattering by means of theoretical models is an 
extremely complex problem. It requires a full understanding of the mechanisms regulating the relation 
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between the ocean wind and waves, which in turn affects the relation between surface wind and the ocean 
surface NRCS. It also requires an accurate physics-based parameterization of such mechanisms and, as such, 
an accurate parameterization of the ocean surface itself. 
It is generally accepted that the mechanism regulating the backscattering from the ocean surface is 
described by the Bragg resonance theory [Valenzuela, 1978]. However, it is also recognized that the pure 
Bragg theory does not fully explain all the effects observed on the radar backscatter. An example is the 
upwind/downwind asymmetry, which shows that the Bragg waves do not equally act on the NRCS for each 
pair of opposing radar look directions. Advanced models developed in the past have relied on the theory of 
Bragg scattering mechanism in combination with quasi-specular scattering [Apel et al, 1994] and composite 
surface theories [Valenzuela, 1978]. To mention an example, the model developed by Donelan and Pierson 
(1987) leads to a good agreement between their model and scatterometer measurements at Ku-band 
frequency, proving that defining a calibrated theoretical model for the calculation of the ocean backscatter 
within the framework of the composite surface theory is a feasible approach. However, their formulation was 
considered quite complex for general applications and not applicable to a wide range of environmental 
conditions, radar wavelengths, different polarizations and observation geometries [Fois, 2015]. The optimized 
composite surface model presented by Romeiser and Alpers, (1997) was one of the first attempts to meet all 
these requirements. Following the approach of Plant (1986), their proposed model was based on an expansion 
of the NRCS up to second order, including the upwind/downwind asymmetry of the NRCS by hydrodynamic 
modulation of the Bragg waves by longer waves. An alternative approach to solve the scattering problem of 
the ocean surface by using composite surface theory was proposed by Plant (2002), with the idea of coupling 
the new findings in modeling the ocean backscattering to the speed of modern computers, to compute the 
mean of the ocean backscattering cross section as the ensemble averages over the stochastically rough facets 
of long wave surface. However, the above-mentioned models do not account for the non-Bragg scattering 
mechanisms like rain effects [Contreras et al., 2003, Contreras et al., 2006], breaking wave phenomena 
[Kundrayvtzev et al., 2003], SST-induced modifications and dependency on air temperature [Bourassa et al., 
2010(c)], which instead play a significant role in the ocean backscattering. This makes it difficult to obtain 
consistent descriptions of the NRCS over a large range of radar frequencies, incidence angles, different 
polarization states as well as in both clear weather and rain conditions, proving that some inconsistencies in 
theoretical modeling of the ocean backscattering are still unresolved. 
With this background in mind, the goal of this research is to improve the theoretical modeling of the ocean 
scatterometer backscatter, describing the relation between the NRCS and the surface wind speed/direction 
base on the interaction between the radar signal and the ocean surface waves, in both clear air and rain 
condition. The objective is to investigate and account for the different sources that the current sensor-specific 
GMFs are not able to characterize, such as frequency-specific sensor sensitivity to wind, rain effects and 
different viewing geometries. In particular, this research has revealed the need for new understanding 
regarding the frequency-dependent surface backscatter modeling in response to the wind-forced surface wave 
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spectrum. It shows the importance of accurately modeling the equilibrium condition of the ocean waves in 
order to properly represent the relationship between the NRCS and the ocean surface winds. These new 
findings allow a new research path to deeply investigate the ocean surface backscattering coefficient towards 
a fully optimized multi-frequency theoretical model that will combine the surface effects of wind and rain at 
different frequencies and viewing geometries. 
This work is organized as follows: Chapter II introduces the theory of the electromagnetic scattering 
from ocean surface. The theory of the scattering mechanism from natural rough surfaces is described along 
with the formulation of both scattering models and ocean surface roughness representations. Chapter III 
describes our approach towards an optimized theoretical model. It firstly summarizes the methodology used 
in order to develop a reliable ocean surface backscattering model in non-rainy conditions. Then, a new 
configuration of the ocean surface roughness model is presented and a new tuning strategy is explained. 
Model validation at Ku-band frequency is also performed with both empirical models and observational 
scatterometer data. Validation at C-band is also shown. Chapter IV describes our approach to include the 
effects of the rain on the ocean surface backscattering coefficient. We have used the model described in 
Chapter III as background model, which we have then extended to include the dependence of the rain 
intensity in a theoretical framework. The rain effects are described, along with the modified model of the 
ocean surface roughness. Validation of the model at Ku-band frequency is performed and a preliminary 
evaluation using Ku-band SeaWind Scatterometer actual data, in combination with the Advanced Microwave 
Scanning Radiometer observations, is also shown. Conclusions and future works are given in Chapter V. 
 Ocean Surface Scattering: Theory and Modeling 
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Chapter II 
Ocean Surface Scattering: Theory and Modeling 
 
 
2.1 Introduction to Natural Rough Surfaces 
 
When an electromagnetic wave impinges upon a boundary surface between two semi-infinite media, part 
of the incident radiation is scattered into the upper medium, whereas the rest is transmitted into the lower 
medium. If the lower medium is non-homogeneous, a portion of the transmitted radiation is scattered by the 
non-homogeneities and it may cross the boundary layer into the upper medium (volume scattering). On the 
other hand, if the two media are homogenous with respect to the wavelength of the electromagnetic radiation, 
the volume scattering is not induced and the scattering remains only at the boundary surface (surface 
scattering) [Ulaby et al., 1982]. The ocean surface scattering is a typical case of surface scattering, as it 
occurs at the interface between the ocean and the atmosphere, which can be assumed homogeneous media at 
the scatterometer frequencies.  
As a natural surface, the ocean can be studied from a statistical point of view, by employing the theory of 
scattering from random natural rough surfaces. Such surfaces are characterized by random irregularities and 
are usually described in terms of statistical parameters, which quantify the deviation of these irregularities 
from a smooth “reference surface”, as depicted in Fig. 2.1. These irregularities are generated by geophysical 
variables (e.g. the ocean waves generated by surface wind) and they represent the surface roughness, which is 
quantified with respect to the wavelength of the incident radiation. The degree of roughness is extremely 
important because it regulates the surface backscattered power. 
 
 
Figure 2.1. Configuration of surface height variation for flat (a) and periodic (b) reference surfaces [credit: Marcantoni D.]. 
 
In this section, the statistical parameters generally used to quantify the roughness of natural surfaces are 
described and the principles of the scattering mechanism are also illustrated. Based on these concepts, several 
theories have been developed in the past to describe the scattering from the ocean. Such theories along with 
the corresponding model of the ocean surface backscattering coefficient are explained in Section 2.2. These 
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models require accurate ocean surface roughness representations, in order to be applicable. The descriptions 
of the ocean roughness models are illustrated in Section 2.3. 
 
2.1.1 Statistical Properties 
 
In order to understand the meaning of a rough surface and the conditions under which a surface can be 
considered electromagnetically smooth, two main criteria have been determined in the literature, namely the 
Rayleigh and the Fraunhofer criterion [Ulaby et al., 1982]. Considering a plane monochromatic wave   
transmitted under an incidence angle   on a random surface, the phase difference    between two rays 
reflected by two separated points of the surface is defined as                , where h is the standard 
deviation of the surface height. The Rayleigh criterion states that, if        , then the surface can be 
considered as smooth and it is defined by the standard deviation          . The Fraunhofer criterion 
considers a surface as smooth, when         and in turn, the standard deviation becomes           . 
Random rough surfaces are described by statistical quantities which essentially define the vertical surface 
heights spread from the reference surface and the horizontal variation along the surface. By considering 
         the random process of the surface heights, the statistical mean value is [Ulaby et al., 1982]: 
 
  
 
    
        
    
     
    
     
     . (2.1) 
 
To determine the mean power of the roughness, it is used the second order momentum, which is defined 
as [Ulaby et al., 1982]: 
 
   
 
    
    
    
     
    
     
          . (2.2) 
 
The vertical roughness is generally described by the standard deviation      (or the corresponding root-
mean-square-error), defined as [Ulaby et al. 1982]: 
 
      
 
    
             
    
     
    
     
     . (2.3) 
 
On the other hand, to describe the horizontal roughness, the normalized autocorrelation function       is 
used. For a spatial displacement    between two points, such function is defined as:  
 
      
            
    
     
  
      
    
     
  
 , (2.4) 
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where         is a point with the spatial displacement from the point   . The associated quantity is the 
surface correlation length ( ), defined as the displacement     , such that          (e: Euler’s value 
       ). Thus, the correlation length can be interpreted as a quantity describing the horizontal 
independence of two points on the surface. For smooth surfaces     [Ulaby et al. 1982]. 
 
2.1.2 Principles of Surface Scattering Mechanism 
 
The surface roughness regulates the scattering of the incident electromagnetic radiation. When this signal 
is transmitted upon the boundary surface with incidence angle θ, part of the radiation is reflected while the 
rest is scattered towards any direction. The rougher the surface, the stronger the scattered component and the 
smaller the reflected component. A qualitative description of this mechanism is illustrated in Fig. 2.2. For 
smooth surfaces, Fig. 2.2 (a), the radiation is reflected toward the specular direction, following the Fresnel 
theory. For slightly-rough surfaces, Fig. 2.2 (b), the radiation is composed by two components: the coherent 
component from the power reflected in the specular direction and the incoherent component, which is the 
power scattered in all directions. As the surface becomes rougher, the specular component becomes 
negligible so that, in the case of very rough surface, Fig. 2.2 (c), the return power consists only of the 
incoherent component and the backscattering coefficient varies as      .  
 
 
 
Figure 2.2. Qualitative scheme of the reflected and scattered power component for smooth (a), slightly-rough (b) and very-rough (c) 
surfaces [credit: Marcantoni D.]. 
 
For monostatic radar, the return power approaches zero in case of smooth surface, unless the incident 
angle is close to the normal incidence. This proves that the backscattering coefficient does not only depend 
on the surface roughness, but it also depends on the radar incident angle. In particular, as the incident angle 
becomes larger, the backscattering coefficient decreases and for a smooth surface, it decreases more rapidly 
than for a rough surface. The angular variation of the backscattering coefficient is shown in Fig. 2.3. 
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Figure 2.3. Backscattering coefficient trend with respect to the incident angle θ, for different surface roughness degrees [credit: 
Marcantoni D.]. 
 
 
2.2 Ocean Surface Scattering Models 
 
Past methods based on physical models have been proposed to describe and solve the scattering problem 
from rough surfaces. However, each model describes the surface scattering mechanism for specific degrees of 
roughness, so that the corresponding method is applicable only if the characteristics of the surface meet those 
conditions. The scattering problem of the ocean surface cannot be solved by using only one of these models, 
since the ocean surface represents a complex rough surface case, where several scales of roughness are 
superimposed. In this section, the different rough surface scattering models and the corresponding equations 
of the backscattering coefficient are described. It is also shown how these models are combined in order to 
obtain a good representation of the ocean surface backscattering coefficient.  
 
2.2.1 Physical Optics 
 
The physical optics scattering method, also known as Kirchhoff approximation, was widely used to solve 
scattering problem for surfaces characterized by gentle undulation [Ulaby et al., 1982]. To be applicable, this 
model requires that the horizontal roughness, identified by the correlation length l or the curvature radius   , 
is greater than the electromagnetic wavelength λ. The applicability condition of the physical optics was given 
by Brenhkovskikh (1952), such that       
    , with k is the electromagnetic wavenumber and   the 
incident angle of the electromagnetic radiation. While this approximation requires a specific condition for 
horizontal roughness scales, there are not direct restrictions on the vertical roughness. If the correlation length 
is large enough to preserve acceptable curvature radius, larger surface standard deviation are also tolerated. 
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In the Kirchhoff approximation, the surface can be approximated as a series of tangent-plane “facets” as 
shown in Fig. 2.4, so that the scattering field at each point of the surface can be computed as the field that 
would be scattered in presence of a radiation that impinges upon a flat surface. 
 
 
 
 
 
 
The individual facet can be considered as a single scattering element, whose reradiating pattern depends 
on the size of the facet with respect to λ. The infinite tangent plane acts as fully specular reflector, whose 
reradiating patter is described by a Delta function. As the facet size becomes smaller, the reradiating pattern 
is wider and side lobes appear, but their intensity is lower than the main lobe. The schematic view of the 
physical optics approximation is shown in Fig. 2.5. 
 
 
 
Figure 2.5. Physical optics approximation [credit: Marcantoni D.]. 
 
Therefore, the scattered field is locally obtained by specular reflection from the tangent plane to the 
surface and the electromagnetic far-field is computed as an integral over the entire surface. Under this 
condition, the surface backscattering coefficient, in quasi-specular reflection, is expressed as [Valenzuela, 
1978; Ulaby et al., 1982]:  
 
   
     
       
          
                 , (2.5) 
Figure 2.4. Schematic configuration of tangent-plane approximation [Ulaby et al., 1982]. 
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where R(0) is the Fresnel reflection coefficient, the quantities    and    are the surface slope standard 
deviation in x and y direction, respectively, and   the incident angle.  
The limitation of this approach is not only established by the surface roughness. By being consistent with 
specular reflection mechanism, for monostatic radar the radiation can only come back for incident angle close 
to the normal incidence, so that this approximation gives consistent results only for low   values. 
 
2.2.2 Small Perturbation Method 
 
The scattering from periodic surfaces has been formulated by using the Extended Boundary Condition 
(EBC) method and solved by the Small Perturbation Method (SPM). The SPM is applicable for slightly-
rough surface and it is valid when both the correlation length (l) and the standard deviation (    ) of the 
surface are small compared to the wavelength of the electromagnetic radiation (with wavenumber k). As 
shown in Ulaby et al., (1982), these conditions are defined as:  
 
(i)          ; 
(ii)             .  
 
As mentioned in the previous section, the scattered power from a surface characterized by small-scale 
roughness is composed by the coherent component due to specular reflection and the incoherent component 
due to the roughness of the surface. In the SPM theory [Valenzuela, 1978], the total scattered electromagnetic 
field (Es, Hs) is expressed as an expanded series, as shown in Eq. (2.6), where the zero-order electromagnetic 
field (  
   
,   
   
) is the surface field when the perturbation is absent – that is the flat surface specular 
component – and the first-order field (  
   
,   
   
) (and higher) is due to the superimposed small-scale 
perturbation. 
 
     
   
   
   
   
   
     (2.6 (a)) 
     
   
   
   
   
   
    (2.6 (b)) 
 
As shown by Yueh et al. (1988), the EBC/SPM can be used to solve the scattering from randomly 
perturbed dielectric periodic surface, by assuming the small-scale perturbation as a Gaussian random process 
and by expanding and solving the scattered field up to the second order. The incoherent backscattering 
coefficient can be derived from the first-order scattered fields and it is defined as: 
 
   
                               
    
 
, (2.7) 
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where       is the two-dimensional wavenumber spectral density of the small-scale surface roughness,   
and   are the incidence and azimuth angles, respectively,    
   
 represents the first-order scattering coefficient 
derived by the amplitude of the scattering fields and the indices p, q denote the polarization state of the 
incident and backscattered radiation, respectively. On the other hand, Yueh et al. (1994 and 1997), found that 
the second-order scattered field is coherent and it represents a correction term to the coherent surface 
reflection coefficient. 
 
2.2.3 Composite-Surface Scattering  
 
The theory of the composite-surface scattering was firstly formulated by Wright (1968) for the scattering 
of the ocean surface. In this model, the ocean surface is assumed as composed by two scales of roughness 
corresponding to short surface waves superimposed to large waves. The surface is then approximated as an 
infinite number of slightly-rough patches. The slope of these patches is modified by the underlying long 
waves in such a way that this tilting effect modifies the local plane of incidence of the electromagnetic 
radiation impinging upon the small-scale patch, Fig. 2.6.  
 
 
 
Figure 2.6. Representation of the ocean surface as described by composite-surface theory [credit: Marcantoni D.]. 
 
Therefore, the backscattered power – incoherent component – is defined as an average of the power from 
a single patch, over the distribution of the slope of the long waves. Accordingly, the ocean surface 
backscattering coefficient   , for the small-scale roughness component, is obtained as the integral of the 
radiation from the single slightly-rough patch, Eq. (2.7), (hereafter as    
     
), weighted by the probability 
density function of the long waves slopes         , where    and    represent the surface slopes in the   and 
  directions, respectively. The total backscattering coefficient is defined as [Valenzuela, 1978]: 
 
   
           
   
      
    
                  
  
  
 . (2.8) 
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2.2.4 Two-Scale Model 
 
It has been recognized that the long waves of the ocean surface meet the applicability condition of the 
physical optics, so that by combining the Kirchhoff approximation with the composite-surface model, one can 
obtain a good approximation of the ocean surface backscattering coefficient that accounts for both long and 
short waves. Such model is known as Two-Scale Model of the ocean surface scattering [Wright, 1968; 
Valenzela, 1978; Durden and Vesecky 1985] and it can be defined as: 
 
   
          
             
          , (2.9) 
 
where    
    
 represents the quasi-specular backscattering coefficient for the large-wave component of the 
ocean surface, obtained by Eq. (2.5), while    
    
 represents the contribution from the small-scale waves tilted 
by the long-wave slope as shown in Eq. (2.8). To be applicable, this model requires the definition of the 
probability density function          of the long-wave slope. Different studies have been carried out to 
properly define this function [Cox and Munk, 1954; Fung and Lee, 1982]. In the linear wave theory, which 
ignores the non-linear effects of ocean waves, the slope distribution of a non-isotropic surface is assumed 
Gaussian as shown in Eq. (2.10):  
 
         
 
      
      
 
 
 
  
 
   
  
 
   
   , (2.10) 
 
where the terms    and    represent the variance of the long-wave slope distribution, in upwind – radar 
observation in the direction of the wind – and in crosswind direction – radar observation normal to the 
direction of the wind. For higher order approximation, the Gram-Charlier distribution [Cox and Munk, 1954] 
is used, which accounts for the distribution peakedness and the skewness due to the non-linear wave-wave 
interactions. However, as pointed out by Liu et al., (1997), the Gram-Charlier distribution is suitable only for 
slopes that are less than 2.5 times the standard deviation of the surface slope. Therefore, according to 
Pierdicca and Pulvirenti (2008), a Gaussian slope distribution can be used along with a correction term that 
accounts for the observed asymmetry between the ocean responses in upwind and downwind directions. This 
asymmetry is induced by the non-linear hydrodynamic modulation, which causes an increase of the 
concentration of the small-scale waves on the leeward sides of the longer waves. In Pierdicca and Pulvirenti, 
(2008) this effect is modelled according to the approach proposed by Yueh et al., (1997), who developed an 
hydrodynamic modulation function that modulates the spectral density of the small-scale waves.  
The two-scale model (TSM) is probably the most widely used method to compute the microwave 
backscattering coefficient from the ocean surface [Bourlier et al., 2005]. Several studies exist in the literature 
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that exploit the TSM for studies and analysis of the ocean scattering as well as ocean surface emission 
[Sobiesky et al., 1991]. This model is easy to apply, however the main issue to derive such model is that it 
strongly relies on the representation of the ocean surface roughness. The model of the backscattering 
coefficient    
     
 for slightly rough surfaces, depends on the density power of the surface height W, also 
known as wave spectrum, which represents a statistical parameterization of the ocean surface. In addition to 
the possible inaccuracy and uncertainty of the spectrum models, the TSM is based on an arbitrary parameter 
kd that divides the small-scale wave component from the large-scale waves of the sea surface and this 
arbitrariness may represent a critical point. To overcome this problem, other theoretical models for the radar 
cross section have been developed, such as the small slope approximation (SSA) model proposed by 
Voronovich and Zavorotny (1994, 2001) and its enhanced version proposed by Fois, (2015) to include also 
the Doppler signature of the sea surface. However, it has not been completely assessed if one method 
(SSA/TSM) is superior to the others [Johnson, 2006] and, as also shown in the results of Voronovich and 
Zavorotny (2001), the 2nd-order SSA and the TSM may lead to similar results for incidence angle greater 
that 2  , which are those angles mostly used in ocean scatterometry. Furthermore Johnson, (2005) has 
pointed out that the discrepancies due to uncertainties in the sea surface spectrum model may overcome those 
due to approximations in any electromagnetic scattering model. Indeed, the work proposed by Pierdicca and 
Pulvirenti, (2008) demonstrates that, by refining the spectrum model, the TSM is able to represent the ocean 
backscattering in both C-band and Ku-band radar frequencies. However, such refinements are often derived 
by either fitting empirical measurements or actual data, limiting the physical reasoning of the theoretical 
model. 
 
 
2.3 Modeling the Ocean Surface Roughness  
 
2.3.1 Ocean Surface Wave Spectrum 
 
The privileged formulation to describe the ocean waves is the spectral density of the ocean surface 
height, known as ocean surface wave spectrum, which describes the distribution of the wave energy over the 
different wave components identified by their wavenumber k (or frequency f). As discussed in the previous 
section, due to the complicated nature of the ocean surface, the ocean surface can be generally assumed to be 
composed by two scales of roughness, such as: long waves (characterized by low k-values) and short waves 
(characterized by high k-values).  
The wind-driven short waves are those of major interest in a wide range of studies and defining a reliable 
statistical description is needed to improve the understanding of the processes characterizing the 
ocean/atmosphere interface. While the precise knowledge of the short-scale roughness has been considered 
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the prime requirement, a full representation of the spectrum model is fundamental to represent the ocean 
scattering, due to the coupling of short and long waves. 
The ocean wave spectrum consists of a directional contribution, referred to as the spreading function 
(      ), which accounts for the wind direction (φ) and an omnidirectional elevation spectrum      ) 
accounting for the wind speed. The elevation spectrum is related to the corresponding curvature spectrum 
(B   ) by            . This quantity is mainly used to represent the ocean surface roughness. 
According to the formulation of Durden and Vesecky, (1985), the general spectrum formulation can be 
written as: 
 
       
 
    
           . (2.11) 
 
It can be also expressed as the two roughness components, corresponding to higher wavenumbers ( h ) 
and lower wavenumbers ( l ), such that: 
 
          
                 
                 
  , (2.12) 
 
where    and    are the rectangular components in the wavenumber space,      
    
  
   
 and 
        (   is the electromagnetic wavenumber) [Pierdicca and Pulvirenti, 2008].  
The wave spectrum comes from the equation describing the evolution of the ocean waves, mainly 
regulated by three “source” terms [Thomson et al., 2013] such as, wind input (   ), non-linear wave-wave 
interactions (   ), and dissipation (    ), the latter is mostly due to water viscosity, breaking wave 
phenomena and generation of parasitic capillary waves. The equation of the action-wave spectrum is defined 
as [Elfouhaily et al., 1997]: 
 
 
  
                         , (2.13) 
 
where                 is the action-spectral density, with   the phase speed and    is the group 
velocity. As postulated by Phillips, (1985), at small-scale roughness range, the wave growth is assumed to be 
slow and flux divergence to be negligible, so that the left-hand side of Eq. (2.13) is zero. Therefore, the 
corresponding wave spectrum is in equilibrium, such that the source terms on the right-side of the wave-
action equation are equally balanced. This leads to                for small-scale waves, so that, by 
defining the source/dissipation contribution terms, the short-wave spectrum can be derived.  
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2.3.2 Overview of Existing Spectrum Models 
 
Based on the wave energy equilibrium concept, several spectrum models have been proposed over the 
years. A model largely discussed in the literature is the one proposed by Donelan and Pierson, (1987) 
(hereafter DP). They described the ocean wave spectrum in the whole ocean waves regime, by identifying the 
short waves as those having wavenumber values   greater than ten times the wavenumber of the spectral 
peak   . Because of their attention to the formulation for the short wave component, this model has been 
largely used in radar scattering studies. The full curvature omnidirectional spectrum is defined as:  
 
        
     
      for       
     
      for       
  . (2.14) 
 
The corresponding large wave component is described as: 
 
     
   
 
 
             , (2.15) 
 
with    the long waves equilibrium range parameter defined by Phillip-Kitaigorodskii,     the Pierson-
Moskowitz shape spectrum and    is the peak enhancement factor introduced by Hasselmann et al., (1973). 
The short wave contribution was derived based on the propagation theory proposed by Hasselmann et al., 
(1973). It accounts for the equilibrium condition among the surface wave growth induced by the wind     , 
the dissipation due to the water viscosity      and the dissipation induced by the wave breaking. By 
assuming the contribution of the non-linear interactions as negligible, the DP omnidirectional curvature 
spectrum, for high wavenumber, becomes:  
 
     
   
 
  a 
  
         
  
 
 
 , (2.16) 
 
where   is a function of k,  
 a 
 is the maximum of the applied spreading function and   the radian 
frequency.  
Generally, the spreading function accounts for the asymmetry      between the upwind (    ) and the 
crosswind (     ) directions and in turn, it changes according to the definition of      as expressed in Eq. 
(2.17): 
 
                     , (2.17) 
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so that the upwind/crosswind ratio is defined as                  
 
 
              
 
 
   . 
For the DP spectrum, the spreading function is based on the previous work of Donelan et al., (1985) and 
it is defined as an hyperbolic secant, whose argument depends on a continuous function          , so that 
the upwind/crosswind asymmetry is defined as: 
 
       
             
             
 . (2.18) 
 
The above omnidirectional and directional spectrum formulations are expressed as shown in Elfouhaily et 
al., (1997). For details the reader can refer to that paper. 
One of the most used spectrum models for ocean applications is the spectrum proposed by Elfouhaily et 
al., (1997) (hereafter E). They proposed a unified omnidirectional curvature spectrum     , in equilibrium 
condition and for a fully developed sea, as the sum of the contributions from the long waves       and short 
waves      , such that: 
 
          
 
      
 
 
 . (2.19) 
 
The two components are defined as: 
 
     
  
 
 
           , (2.20) 
     
  
 
 
           , (2.21) 
 
where    and    are the generalized equilibrium range parameters defined by Phillip-Kitaigorodskii for long 
and short waves, respectively.    is dependent on the dimensionless inverse wave age         , with     
the surface wind speed at 10 m height and    the phase speed at the long waves spectral peak    
         . For fully developed sea, the   value is known to be close to 0.84. By being   the wave phase 
speed, depending on the ocean wave wavenumber   and defined as             
          
   , then 
the phase speed    is defined as        ).    is dependent on the dimensionless parameter (     ), 
where            .2  m/s is the phase speed calculated at the short waves secondary peak        
rad/m and    is the friction velocity (discussions about the    parameter are given in Chapter III).   is 
related to the surface wind speed  , at any elevation z and for the roughness length   , through      
                  [Yueh et al., 1994].    and    are the cutoff factors concentrating the energy athe long 
and short ocean waves ranges, defined in Eq. (32) and Eq. (41) of Elfouhaily et al., (1997), respectively. 
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The corresponding spreading function is described as a hyperbolic tangent, such that the 
upwind/crosswind ratio is defined as: 
 
                
       
   
   
       
     , (2.22) 
 
where           , whereas   
  and   
  are function of        and      , respectively. These 
parameters differ from the corresponding one in the omnidirectional component and they are defined in the E 
spectrum as   
    and   
           . The advantage of the E spectrum model is that its form is 
relatively simple and it can be easily applied. However, the spectrum model was developed only from in situ 
or tank measurements, without the use of any radar data, so that adjustments are needed for radar 
applications. This will be discussed in Chapter III.  
A wave spectrum that proved to give good results in radar applications is the model described by 
Pierdicca and Pulvirenti, (2008) (hereafter PP). They combined the omnidirectional contribution proposed by 
Durden and Vesecky, (1985) with the spreading function described by Elfouhaily. They performed an 
extensive comparison between simulations of the ocean surface backscattering/emission and the empirical 
geophysical model functions at both C and Ku-band radar frequencies and they proposed a modified 
spectrum for both the omnidirectional and directional components. Their new omnidirectional spectrum in 
both long and short waves’ regimes is summarized as: 
 
        
                      
      
 
   for    
             
     
                    for      
  , (2.23) 
 
where   and    are tuned functions, whose explicit formulations can be found in Eq. (19) and Eq. (22) of 
Pierdicca and Pulvirenti, (2008). The parameter   is the gravitational acceleration and       is the wind speed 
at 19.5 m above the mean ocean surface.  
The spreading function is a modification of the E model so that the upwind/crosswind asymmetry is still 
a hyperbolic tangent with the same form of the E model, but the argument has been tuned such that: 
 
              
     
     
       . (2.24) 
 
The function   
   is expressed as   
       
         
   , where   
  
 was tuned to fit the 
GMFs as well as   
  ,   and   
  , which are all functions of the friction velocity   . To develop their 
model, Pierdicca and Pulvirenti, (2008) adopted the relation between    and the surface wind speed as 
defined in Yueh et al., (1994). The complete formulations of these parameters are described in the 
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corresponding paper by Eq. (13), Eq. (12), Eq. (14), Eq. (15), respectively. This spectrum is the result of a 
tuning approach at C and Ku-band frequencies and it yields a fairly good agreement with the GMFs’ data for 
both active and passive measurements. It also proves that the disagreement between empirical and theoretical 
ocean backscattering models may be ascribed to poor ocean surface roughness representation. 
Comparisons between the DP, E and PP omnidirectional components      as well as the corresponding 
directional      functions are shown in Fig. 2.7 and Fig. 2.8 respectively, at three different wind speeds (5 
m/s, 10 m/s and 15 m/s). In general, the representation of        is quite challenging due to the difficulties 
in properly defining the           function. Several expressions are available in the literature [Donelan 
and Pierson, 1987; Jelenak et al., 1998; Plant, 2002] and they all describe h as a continuous function 
composed by a different equation for each k-range. However, the transition between these k-ranges is not 
always smooth, causing discontinuity in       . The function        is illustrated in Fig. 2.8 by assuming 
the h function as proposed by Plant, (2002). Despite the use of a patching function to combine long and short 
wave spectra, a discontinuity is seen around        rad/m, due to the discontinuity in the definition of h. 
In addition to these models, many attempts have been made in the past to derive accurate representations 
of the surface wave spectrum (e.g. Durden and Vesecky, 1985; Donelan et al., 1985; Apel, 1994; 
Kundryavtsev et al., 1999, 2003; Plant, 2002; Hwang et al., 2013). All these spectrum descriptions differ 
from each other, since they are based on different analysis, investigations and interpretations performed by 
the different authors. While these studies have advanced the knowledge in this field, a variety of parameters 
need to be accounted for and the physical mechanisms/factors that regulate the ocean waves are still not fully 
understood, so that a “standard” formulation is still under investigation. 
 
 
 
Figure 2.7. Omnidirectional component of the ocean surface wave spectrum for wind speed of 5m/s (a), 10 m/s (b) and 15 m/s (c). 
Comparisons between the model proposed by Elfouhaily et al., (1997) (solid-blue), Donelan and Pierson, 1987 (dashed-black) and 
Pierdicca and Pulvirenti, (2008) (dotted-dashed-red) are shown. 
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Figure 2.8. Directional component of the ocean surface wave spectrum (    ) for wind speed of 5 m/s (a), 10 m/s (b) and 15 m/s (c). 
Comparisons between the model proposed by Elfouhaily et al., (1997) (solid-blue), Donelan and Pierson, 1987 (dashed-black) and 
Pierdicca and Pulvirenti, (2008) (dotted-dashed-red) are shown. 
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Chapter 3 
Towards an Optimized Theoretical Model in Clear Air 
 
 
3.1 Problem Overview 
 
As mentioned in the Introduction, wind vectors are retrieved by inversion techniques of geophysical 
model functions describing the relationship between the backscattered signal and the wind parameters. Such 
relation is defined on empirical basis by correlating the scatterometer observations with numerical weather 
models as well as with other measurements used as truth [Hersbach et al., 2007; Verhoef et al., 2008]. 
However, the empirical GMFs may fail in properly representing the backscattered signal in particular weather 
circumstances, such as in extreme wind events and rain conditions [Soisuvarn et al., 2013; Ricciardulli et al., 
2015]. The rain effects have been largely discussed in the literature [Contreras et al., 2003; Draper and Long, 
2004; Tang et al., 2013], and several semi-empirical techniques have been already developed to address the 
rain impact on scatterometer wind retrievals [Weissman et al., 2012], but a theoretical model describing the 
scatterometer backscattering coefficient in presence of wind and rain is still an open issue. Such model would 
represent a valuable contribution for several applications such as: studying the rain signature on the 
scatterometer observations, analyzing the uncertainty of the wind retrievals due to the rain and further 
providing the opportunity to jointly estimate wind and rain. However, in order to accurately combine the 
effects of wind and rain, the first main step is the development of a reliable multi-frequency theoretical model 
in presence of wind only. Such multi-frequency model is needed by the scientific community not only for 
rain applications. Over the past decade, the Ocean Wind Vector Science Team (OWVST) has reached high 
confidence in the existing empirical model functions and wind vector estimations, so that the exploitation of 
reliable theoretically-derived simulations allows for a full understanding of the observations' physics as well 
as of the differences seen in the ocean surface winds retrieved by scatterometers operating at different 
frequencies. The inconsistencies among the wind retrievals obtained by different scatterometers may have 
important implications in the development of consistent ocean wind climate data records. 
However the main issue in deriving such model is the definition of an accurate representation of the 
ocean wind wave spectrum, allowing the model to work at different radar frequencies. We have analyzed 
some of the most frequently used models available but, once they are ingested in the electromagnetic model 
of the surface backscattering, they appear not capable of accurately reproducing the existing GMFs. For this 
reason, the main effort of this work has been focused on the definition of an accurate representation of the 
ocean wave spectrum with the aim of properly modeling the ocean surface backscattering coefficient at 
different frequencies. To do that, we have first identified the spectrum parameters that have major influence 
on the surface backscattering coefficient and we have then derived a new configuration of these parameters 
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by avoiding any fitting approach of empirical values that could restrict the model to work only for a particular 
condition or frequency. In this work, we have focused on the vertical polarization (V pol.) only, since we are 
not considering the non-Bragg scattering mechanisms that mainly affect the horizontal polarization (H pol.) 
[Kudryavtsev et al., 2003; Fois, 2015]. To model the vertical polarization, we have analyzed the C-band and 
Ku-band frequencies. Comparisons between the proposed theoretical model of the ocean response and 
existing empirical model functions demonstrate that this new proposed spectrum yields a remarkable 
agreement at Ku-band along with a good agreement at C-band. The different level of agreement between 
these two frequencies is mainly due to the different sensitivity to the wind. The empirical model functions 
clearly show that the ocean responses obtained at C-band and Ku-band have a different modulation with the 
wind speed as well as with the wind direction. Such diversity cannot be modeled with the standard numerical 
formulation of the well-known theoretical models. Therefore, in this work an inter-comparison between the 
two frequencies is also performed, with the aim of showing the limitation of the numerical formulation along 
with the proposed corrections to improve the theoretical model in identifying this different sensitivity, which 
is essential to define a multi-frequency model.  
 
 
3.2 Methodology 
 
To model the ocean surface backscattering coefficient we have decided to rely on the Two-Scale Model, 
as described in Section 2.2.4. Over the past twenty years, other theoretical models of the radar cross section 
have been extensively developed [Voronovich and Zavorotny, 2001; Plant, 2002; Fois, 2015], but we have 
decided to rely on the TSM since it has proved to be able to fairly reproduce the ocean response once the 
ocean surface roughness is well represented [Pierdicca and Pulvirenti, 2008]. The modeled backscattering 
coefficient accounts for the contribution of specular reflection (coherent component) of the incident radiation 
from the plane facets locally approximating the long wave, as well as the contribution of the backscattered 
radiation (incoherent component) from the small scale waves. The latter is the main contribution at incidence 
angle higher than     and it is described in terms of the Bragg resonance mechanism [Valenzuela, 1978]. We 
have also accounted for the effects of the hydrodynamic modulation (described in Section 2.2.4) as suggested 
by Pierdicca and Pulvirenti, (2008). We have assumed a Gaussian distribution of the surface slopes, but we 
have included the observed upwind/downwind asymmetry through a function that modulates the spectrum of 
the small-scale waves. Details of the numerical formulation of hydrodynamic modulation can be found in Eq. 
(17) and Eq. (18) of Pierdicca and Pulvirenti, (2008). 
To model the ocean surface roughness, we have examined three models available in the literature as the 
benchmark of our analysis, based on the fact that these expressions are all suitable to be modified to include 
the rain effects. Rain mostly affects the short waves, therefore it is essential to have a clear separation 
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between the spectrum formulations of the short and the long wave ranges to properly introduce the rain-
induced modifications. We have started from the model proposed by Donelan and Pierson, (1987) (hereafter 
DP) which proposed an omnidirectional spectrum as a function of the ocean wavenumber. As described by 
Eq. (2.14) the formulation of the long and short waves is separated by the wavenumber of the spectral peak 
   such that the contribution of the short waves corresponds to wavenumbers higher than 10 times    and the 
contribution of long waves corresponds to wavenumbers up to 10 times   . Another formulation is given by 
Pierdicca and Pulvirenti (hereafter PP), as shown by Eq. (2.23) and (2.24). Their results show that the 
proposed spectrum model has a good impact on the backscattering models especially in the directional 
contribution. For our analysis, the other used formulation is given by Elfouhaily et al. (1997) (hereafter E), 
who derived a unified law by assuming the omnidirectional spectrum as the sum of the two roughness 
components, Eq. (2.19). However, several studies have demonstrated that their directional component, Eq. 
(2.22), is not suitable to model the backscattering coefficient. Voronovich and Zavoronotny, (2001) as well as 
Voronovich et al., (2000) have found that the directional part of the E spectrum overestimates the spectral 
density of shorter waves, introducing an inconsistency on the backscattering coefficient in the crosswind 
direction. In addition, Bourlier and Berginc, (2002) have included a correction term in the equation of the 
omnidirectional short wave spectrum due to an anomaly in the results when trying to replicate the E 
spectrum. Since we have experienced these same anomalies, in our analysis a preliminary tuned E model 
(hereafter Et model) has been used rather than the E model and it accounts for the modification introduced by 
Bourlier and Berginc as well as the modified directional contribution proposed by Pierdicca and Pulvirenti. 
With this modification, the Et and PP models share the same spreading function, but they differ in the 
omnidirectional component. 
The ocean surface backscattering coefficient has been simulated by using the SEAWIND2 software, 
where the TSM is implemented [Pierdicca and Pulvirenti, 2008]. We have adjusted this software in order to 
include the DP spectrum model (TSM-DP), the Et model (TSM-Et) as well as the PP model (TSM-PP) and 
the results have been compared to the Ku-band and C-band GMFs. In particular, at Ku-band we have used the 
GMF from the SeaWinds instrument on board the Ku-band NASA QuikSCAT scatterometer. Such GMF has 
been kindly provided by NASA-Jet Propulsion Laboratory. At QuikSCAT incidence angles, this GMF 
corresponds to the Ku-2011 GMF developed by Remote Sensing Systems (RSS), using 10 years QuikSCAT 
backscatter measurements, whereas, to extend the GMF to a wide range of incidence angles, the NASA 
Scatterometer (NSCAT) dataset was used [Ricciardulli and Wentz, 2015]. At C-band, the CMOD5.n GMF 
developed for the C-band scatterometers onboard the ERS satellite [Hersbach , 2008] has been used. The 
validation has been also performed by using the Ku-band SeaWinds scatterometer data collected from the 
ADvanced Earth Observation Satellite-II (ADEOS-II), during 2003. 
The impact of the different spectrum models have been firstly studied by analyzing the Ku-band NRCS 
(  ) derived in upwind (    ) and crosswind (     ) directions (where φ indicates the direction of the 
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wind). These values have been computed for incidence angles of 54  and 46 , in order to be consistent with 
the angle used by the QuikSCAT scatterometer for vertical and horizontal polarization, respectively. We have 
firstly investigated the H polarization. Compared to the GMF, the TSM NRCS shows a bias which does not 
depend on the representation of the ocean wave spectrum. The TSM-PP, TSM-Et and TSM-DP show the 
same trend, which consists in a bias, with respect to the GMF, that increases with the wind speed as shown in 
Fig. 3.0. As previously mention, it is known that the H polarization is also sensitive to scattering mechanisms, 
which do not considerably affect the V polarization, like steep breaking waves. These waves specularly 
reflect the incident radiation, resulting in an additional contribution to the ocean surface backscattered power. 
Thus, the observed bias can be ascribed to the fact that we are not accounting for these non-Bragg scattering 
contributions at this stage, so that the H polarization would not be properly modeled. For this reason, we have 
decided to focus on the V polarization only. Modeling the H pol. will be the goal of future investigations. 
 
 
 
 
Figure 3.0. Ku-band horizontally polarized  0 (Sigma0) in upwind (left) and crosswind (right) direction at at      . Comparisons 
between the modeled  0 including the tuned Elfohuaily (TSM-Et) (solid back), Pierdicca and Pulvirenti (TSM-PP) (dashed blue) and 
Donelan and Pierson (TSM-DP) (dashed black) spectrum models are shown. The QuikSCAT (QSCAT) GMFs (solid red) is used for 
validation. 
 
For vertical polarization, comparisons among TSM-DP, TSM-E and TSM-PP have been performed as 
well as among TSM-DP, TSM-Et and TSM-PP in order to verify the effect of the modified spreading 
function in the E model. As shown in Fig. 3.1, the DP spectrum has demonstrated to underestimate    in 
crosswind direction and the disagreement with the QSCAT GMF is the worst amongst the other models. In 
addition, compared to the E model, the Et model gives a better agreement at both upwind and crosswind 
directions. Therefore, based on these results, we have decided to not use the DP model as a reference and to 
use the Et model rather than the directional E spectrum formulations. 
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Figure 3.1. Ku-band  0 in upwind (left) and crosswind (right) directions versus wind speed at      . Top: comparisons amongst 
Elfohuaily (TSM-E, solid-black), Donelan and Pierson (TSM-DP, dashed-black) and Pierdicca and Pulvirenti (TSM-PP, dashed-blue) 
spectrum models. Bottom: same as before but with the tuned Elfohuaily (TSM-Et) rather than the original E spectrum. QuikSCAT 
GMF (QSCAT, red) is used for validation. 
 
The most appropriate spectrum between Et and PP has been selected by analyzing the ratio between the 
ocean surface backscattering coefficients in upwind and crosswind directions. This ratio has been computed 
at both Ku-band and C-band, for two incidence angles, 40  and 54 . We have decided to focus on these two 
incidence angles starting from an analysis at Ku-band. Since we have focused on V pol. only, we have 
decided to use 40  rather than 46  (used for H pol) in order to not overlap the two polarizations. These two 
angles have been also chosen according to the results shown in Pierdicca and Pulvirenti, (2008), with the aim 
of testing the validity of our adapted software by reproducing their results at both C- and Ku-band (not shown 
here). The results are shown in Fig. 3.2. Both the Et and PP spectra are able to reproduce the shape of the 
GMF by showing that the used spreading function is able to predict the asymmetry between the ocean 
responses in upwind and crosswind directions, whatever is the definition of the omnidirectional component. 
However, both models show discrepancies with the GMFs with respect to the wind speed. In particular, at 
54 , the Ku-band upwind/crosswind asymmetry is underestimated at low winds, whereas at C-band the same 
behavior occurs across all wind speed ranges. At 40 , the Ku-band is slightly underestimated at higher winds 
and this is especially evident in C-band. These differences over the wind speed ranges can be attributed to the 
representation of the omnidirectional component, which contains most of the sensitivity to the wind speed.  
Then, the selection between the Et and the PP models has been based on the omnidirectional spectrum 
formulations. We have therefore concluded that a more consistent approach to correct the spectrum-based 
disagreement between the TSM and the GMF is to identify and correct the parameters of a spectrum not 
already modified to match the GMFs. Since the PP model is the result of a tuned omnidirectional contribution 
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and the TSM-GMF disagreement is comparable to the one seen when using the Et model, we have decided to 
rely on the Et model, whose omnidirectional component is based directly on the Elfouhaily spectrum. 
 
 
 
Figure 3.2. C-band (right) and Ku-band (left)  0 ratio between upwind and crosswind directions versus wind speed at       (a-b) 
and       (c-d), for Pierdicca and Pulvirenti (TSM-PP) spectrum (dashed-dotted black), tuned Elfohuaily spectrum (TSM-Et) 
(dashed black) and Donelan and Pierson (TSM-DP) spectrum (dotted black). QuikSCAT (QSCAT) and CMOD5.n GMFs (red solid) 
are used for validation at Ku-band and C-band, respectively. 
 
 
3.3 New Spectrum Model 
 
3.3.1 Background Model Description 
 
The Et wind wave spectrum relies on the E spectrum as presented in Section 2.3.1 with a modified 
directional component described in Eq. (2.24) as proposed by Pierdicca and Pulvirenti.  
As shown by Eq. (2.19), the complete omnidirectional component of the E spectrum is expressed as the 
sum of the contributions of short waves      
 
 (higher wavenumbers) and long waves      
 
 (low 
wavenumbers) whose formulation is given in Eq. (3.1) and Eq. (3.2), respectively: 
 
     
  
 
 
           ,  (3.1) 
 
     
   
 
 
                           
 
  , (3.2) 
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where    and    are the generalized equilibrium range parameters defined by Phillip-Kitaigorodskii for long 
and short waves, respectively. The parameter     .2  m/s is the phase speed calculated at the short waves 
secondary peak        rad/m as suggested by Elfouhaily.    and    are the cutoff factors concentrating 
the energy at the long and short ocean waves ranges defined in Eq. (32) and Eq. (41) of Elfouhaily et al., 
(1997), respectively. As previously mentioned,      
 
 accounts for an additional term, shown in the right 
side of Eq. (3.2), as stated in Bourlier and Berginc.    is the phase speed calculated at the long waves spectral 
peak     
          with the inverse wave age    .   valid for a fully developed sea and      is the 
surface wind speed at 10 m height. We have assumed a fully developed sea, which means that the wind blows 
for long time over a long distance with constant speed and direction such that the ocean surface equilibrium 
state is reached. In this situation, the ocean wave spectrum is entirely related to the wind vector only. 
Although such assumption does not represent the general case of open ocean, the wind vector alone is 
sufficient to represent the spectrum of wind-generated waves [Lemaire et al., 1999]. Generally, the wind 
energy is assumed as instantaneously transferred to small-scale waves through friction stresses, so that the 
wave spectrum at high wavenumber is only related to the local wind friction velocity. Therefore, since wind-
generated waves are those directly involved in the ocean response, as first approximation we have accounted 
for the wind effect only in the wave spectrum. The impact of other parameters (like wind action time, wave 
age and fetch) is left for future investigations.  
At higher incidence angles the incoherent component is the main contribution of the backscattering 
coefficient and it strongly depends on the short waves spectrum, therefore, in this work, we have focused on 
properly modifying the spectrum      
 
 to correct the disagreement shown in Fig. 3.2, with respect to the 
wind speed.      
 
 depends on the wind speed through the   equilibrium range parameter   , which is 
defined as a two-range logarithmic law in the original formulation of the Elfouhaily model, as described in 
Eq. (3.3) according to Eq. (44) of Elfouaily et al., (1997):  
 
         
   
                            for  
     
                           for  
      
 . (3.3) 
 
Therefore, the TSM-   sensitivity to the surface wind speed (  ) is mostly driven by this parameter, so 
that to understand the relation between the    sensitivity and   , we have compared the trend   
  vs     to 
the trend         vs    . For very low winds        is negative, leading to erroneous results. Thus, being 
        m/s,        is valid for  
  higher than 0.085 m/s. We have then performed the analysis by starting 
from         m/s, corresponding to wind speed of 3 m/s. Fig. 3.3 shows the TSM-Et azimuthally-averaged 
   at 40  (TSM-Et-40) and 54  (TSM-Et-54) versus the wind speed, compared to        trend (am_log). 
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Figure 3.3. Ku-band (top) and C-band (bottom) azimuthally-averaged  0 (Sigma0) modeled by TSM-Et at       (TSM-Et-40/solid-
square black) and       (TSM-Et-54/solid-dotted black). The  0 average at upwind, crosswind, and downwind directions is 
computed. The  0 trend is compared to the trend of the short wave spectrum equilibrium range parameter   , described as a two-
range logarithmic function of the wind speed in the Et model (am-log/star blue). 
 
The    mean values have been calculated by averaging the    in upwind, crosswind and downwind 
directions. It is possible to notice that at both frequencies as well as both incidence angles, the TSM-Et has 
the same trend of       . Moreover both the TSM-Et-40 and TSM-Et-54 show a discontinuity around 7 m/s, 
corresponding to       where the        limit between low and high wind speed regimes is set, according 
to Eq. (3.3). This confirms the strength of the impact of the equilibrium range parameter on    and it also 
reveals that any modification on this parameter will be reflected on    itself. Therefore, in order to properly 
correct the disagreement between the TSM-Et and the GMFs in all wind regimes, it is necessary to properly 
modify the equilibrium range parameter. This can be physically explained by considering    as a 
parameterization of the equilibrium condition among non-linear wave-wave interactions, wind forcing and 
water viscosity. In steady state regime, this equilibrium conditions drives the relationship between surface 
wind and small-scale waves, and in turn it plays an important role in the definition of the ocean surface 
response   . 
 
3.3.2 A New Tuning Strategy 
 
The main goal of our tuning strategy, is to modify the ocean surface wind wave spectrum such that the TSM 
is able to reproduce the ocean response at all wind regimes and directions for different frequencies. 
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Figure 3.4. Ku-band upwind (a-d), crosswind (b-e) and downwind (c-f) co-polar  0 (Sigma0) at vertical polarization for      , 
versus wind speed. Top: the TSM-Et for the linear equilibrium range parameter        (TSM-Lin, dashed blue), the exponential 
       (TSM-Exp, solid-dotted black) and the logarithmic        (TSM-Log, dashed-dotted black) are compared. The QuikSCAT 
GMF (QSCAT, solid red) is used for comparison. Bottom: TSM with the two-range exponential-linear equilibrium range parameter 
(TSM Exp-Lin, solid black) is compared to QSCAT GMF. The green circle highlights the discrepancy around 7 m/s due to the two-
range law. 
 
For this reason, we have avoided using any empirical parameters or defining any empirical relation which 
may restrict the model applicability. To properly model the equilibrium range parameter, we have started by 
analyzing the formulations available in the literature. For this parameter, three different relations are 
described in Elfouhaily et al., (1997), a linear law with the friction velocity (here as       ), their proposed 
two-regime logarithmic trend described in Eq. (3.3) and an exponential law (here as       ). The latter is 
derived by the curvature spectrum level computed at a secondary peak of          rad/m, as proposed by 
Apel, (1994). In particular, we have derived        by assuming the Elfouhaily curvature spectrum level, 
computed at a secondary peak of         rad/m, equal to the value proposed by Apel, (1994) as presented 
in Eq. (20) of Elfouhaily et al., (1997). We have decided to keep a secondary peak as proposed by Elfouhaily 
since they explained that, in the frequency domain, this secondary peak is observed at 31 Hz, but such 
frequency value is not related to the wavenumber by simply inverting the dispersion relation, as presented by 
Apel, (1994). This simple conversion does not lead the frequency spectrum and the wavenumber spectrum to 
preserve the total energy, so that the derivative of the group velocity has to be involved. For this reason, they 
placed the secondary spectral peak at 370 rad/m rather than 750 rad/m. Eqns. (3.4) and (3.5) describe        
and        respectively, the latter is defined as presented in (43) of Elfouhaily et al., (1997): 
 Towards an Optimized Theoretical Model in Clear Air 
36 
 
           
                               ,  (3.4) 
 
             
     ,  (3.5) 
 
where     is the wind speed at 10 m above the surface. 
To properly choose the equation to be included in the omnidirectional spectrum, three different simulated 
trends of the backscattering coefficient have been compared to the GMF: the TSM when the linear        is 
included (TSM-lin), the TSM with the exponential        (TSM-exp) and finally, the TSM with the two-
range logarithmic        (TSM-log). The simulations have been performed for the whole wind speed range 
in upwind, crosswind and downwind directions. The results are shown in Fig. 3.4 (a-c) and they represent the 
Ku-band backscattering coefficient at incidence angle of 54 . The comparison shows that the TSM-log is in 
good agreement at higher winds, but it shows major disagreements with the GMF at lower winds. Moreover, 
as previously discussed, it is also characterized by a discontinuity around 7 m/s, due to the two-range law 
regulating       . On the other hand, the TSM-exp agrees to the GMF at low winds, whereas TSM-lin agrees 
at higher winds. Therefore, we have decided to replace the logarithmic expression with the exponential trend 
at low winds and the linear trend at higher winds. However, this new two-range exponential-linear expression 
still shows a discontinuity around 7 m/s as highlighted by the green circle in Fig. 3.4 (d-f). This suggests that 
a two-range function does not match the GMF behavior. Therefore, we propose a unified law, as described in 
Eq. (3.6), where the two wind regimes are patched together by a new function of the friction velocity 
        described in Eq. (3.7). The constant   
    .11 m/s is used as starting value. 
 
                           ,  (3.6) 
 
                
   .   (3.7) 
 
To summarize, here we propose a spectrum model (hereafter “New”) relying on the Et spectrum, whose 
equilibrium range parameter in the short waves’ omnidirectional component is replaced with       . The 
results of the new omnidirectional spectrum model (not shown here) computed at different wind speeds from 
3 m/s to 21 m/s do not show significant difference with the Elfouhaily model (Fig. 8 of Elfouhaily et al., 
(1997)). However, even small modifications in the spectrum have a direct and significant impact on the ocean 
surface backscattering coefficient due to its direct proportionality, especially when the contribution of long 
waves is negligible. The modification of the equilibrium range parameter represents a more suitable 
formulation to describe the interaction between surface waves and wind speed, so that the sensitivity of the 
ocean surface backscattering coefficient can be properly modeled. 
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3.4 Validation at Ku-band 
 
3.4.1 Comparison Using Empirical Model 
 
The TSM with our new spectrum (TSM-New) has been validated at Ku-band at       and      . 
The dependency of TSM-New to the wind speed has been tested by computing the ocean surface 
backscattering coefficient at wind speeds ranging between 4 m/s to 25 m/s. Figure 3.5 illustrates that TSM-
New is in agreement with the QSCAT GMF over the entire wind speed range and it also improves the 
disagreement shown by TSM-Et and TSM-PP at winds speeds lower than 10 m/s. It is also worth noticing 
that, compared to TSM-Et, the proposed TSM-New smoothes the inconsistency of the backscattering 
coefficient at 7 m/s, proving that the proposed unified        law, expressed in Eq. (3.6) corrects such 
behavior. Figure 3.6 shows the dependency of TSM-New on the wind direction at 4 m/s, 10 m/s and 16 m/s 
covering the range of low, medium and high winds, respectively. As expected, at low winds the agreement 
between TSM-New and GMF is significantly improved, compared to TSM-Et and TSM-PP, due to the 
exponential contribution in the equilibrium range parameter, whereas the directional trend is slightly 
improved since the spectrum models share the same spreading function. It is worth noticing that at       
the TSM-New is extremely close to the GMF. This is particularly important since this incidence angle 
represents an operational angle of the SeaWinds scatterometer. This demonstrates the validity of the proposed 
correction of the equilibrium range parameter and it also allows us to make comparisons with actual data. 
 
 
 
Figure 3.5. Ku-band co-polar σ0 (Sigma0) at       (a-c) and       (d-f), for upwind (left), crosswind (middle), and downwind 
(right) versus wind speed. TSM-New (solid black) results are compared to the TSM-Et (dashed black), the TSM-PP (dashed-dotted 
blue) and QuikSCAT (QSCAT) GMF (solid red). 
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Figure 3.6. Ku-band co-polar σ0 (Sigma0) at       (a-c) and       (d-f), for 4 m/s (left), 10 m/s (middle), and 16 m/s (right) 
versus wind direction. TSM-New (solid black) results are compared to the TSM-Et (dashed blue), the TSM-PP (dashed-dotted blue) 
and QuikSCAT (QSCAT) GMF (solid red).  
 
3.4.2 Comparison Using Actual Data 
 
The validation using the GMF shows a remarkable agreement but it has been performed by analyzing 
only particular wind regimes (low, medium and high winds) and wind directions (upwind, downwind and 
crosswind), so that it does not take into account wind conditions outside these ranges. The validation 
performed with actual data allows us to test the model in a large variety of real wind combinations and also to 
directly account for the observation geometries with the look and the azimuth angles. Here, we refer to the 
data from the SeaWinds scatterometer operating at 13.4 GHz, collecting global ocean surface wind vectors. 
Starting from the SeaWinds onboard QuikSCAT launched on June 19
th
, 1999 to quickly recover the loss of 
data from the NASA Scatterometer (NSCAT) in 1997, it was followed by the SeaWinds instrument onboard 
ADEOS-II, which was launched on December 14
th
, 2002 and it operated until October 2003. The ADEOS-II 
mission carried both SeaWinds and AMSR allowing for the simultaneous observation of near-surface winds 
and rain conditions. SeaWinds uses a rotating dish antenna with two beams: the H pol inner beam with an 
incidence angle of 46  and the V pol outer beams with an incidence angle of 54 . Each beam has fore and aft 
looking directions in order to ensure azimuthal diversity. 
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Figure 3.7. Wind speed field as measured by SeaWinds scatterometer on-board ADEOS-II satellite. The Hurricane Isabel on 
September 2003 presented as the area of very high wind (yellow to red area) is shown. The obit displayed refers to orbit n. 3927 
corresponding to Sept. 15th 2003. 
 
We have exploited the ADEOS-II dataset since it also carries the rain measurements, which will be used 
in the second part of this work (Chapter IV). At this stage, we have focused on the SeaWinds rain-free data 
only. Here, we refer to the case study of the Hurricane Isabel, which was one of the strongest hurricanes 
occurred in 2003 during the Atlantic Ocean hurricane season. It formed on September 6
th
 near Cape Verde 
Island and it reached its highest intensity between September 11
th
 and September 14
th
 after which it started 
weakening. Data from two different processing levels, called L2A and L2B, have been used in this analysis, 
corresponding to the measured    and the retrieved wind speeds/directions, respectively. The data are 
organized as 25 km   25 km wind vector cells (WVC) such that 72 WVCs across-track cover the full swath. 
The WVCs with latitude ranging between 20  to 33  and longitude between 275  to 330  have been selected, 
corresponding to the area around the cyclone. The L2B wind speeds and directions have been used to 
compute the TSM-New-simulated    (   ) to be compared with the corresponding SeaWinds-measured  
  
(   ). To select the wind direction, we have used the solutions processed by the Directional Interval 
Retrieval (DIR) algorithm, which is used to enhance the solution obtained by the ambiguity removal 
algorithm [Stiles et al., 2002]. We have analyzed the orbit number 3927 and 3941 corresponding to 
September 15
th
 from 1429 to 1611 UTC and September 16
th
 from 1404 to 1545 UTC, respectively. The data 
from the first orbit are shown in Fig. 3.7. For each orbit, we have selected those data from the outer beam (V 
pol), characterized by acceptable signal-to-noise ratio and acquired in the operating wind observation mode. 
Data over land and data affected by rain have been discarded. This selection has been achieved by using the 
corresponding data flags available in the wind data products [Dunbar et al., 2006]. 
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The retrieved wind speed ranges between 3 m/s to 22 m/s and the wind directions cover the entire range 
between 0  to 360 . Figure 3.8, shows the normalized histograms of the difference between     (Sigma0s) 
and
     (Sigma0m), with the corresponding mean bias and standard deviation, for both orbits and both 
viewing geometries. The results show that TSM-New is able to reproduce the actual data in rain-free 
conditions. Both the processed orbits show a very good agreement between SeaWinds and the proposed 
model. The mean bias range between -0.09 dB and 0.6 dB with a standard deviation between 0.9 dB and 1 
dB. The good agreement is also shown by the scatterplot depicted in Fig. 3.9. Very good correspondence can 
be seen between     and the  
 
  with a slight overestimation of the model for the fore look. This confirms 
that with this more realistic wind scenario, where also different observation geometries are directly accounted 
for, the agreement with the proposed model is still very good. However, the spread of the distributions shown 
in Fig. 3.8 is slightly higher compared to the SeaWinds backscatter accuracy, which is   .2 dB [Spencer et 
al., 2000]. This can be justified as we are referring here to two separated orbits and this may cause an 
increase of the mean standard deviation of each distribution, due to the limited points per orbit. We expect 
that, by combining more obits together, the distribution spread decreases. 
  
Figure 3.8. Normalized histogram of the difference between 
 0 simulated by the TSM-New (Sigma0s) and
  0 measured by 
the SeaWinds scatterometer on-board ADEOS-II satellite 
(Sigma0m). The orbits n. 3927 (a-b) and n. 3941 (c-d) are 
shown, along with the aft look (left) and fore look (right).The 
corresponding values of the mean bias and standard deviation 
are illustrated.  
 
Figure 3.9. Scatterplot between  0 simulated by the TSM-
New (Sigma0s) and
  0 measured by the SeaWinds 
scatterometer on-board ADEOS-II satellite (Sigma0m). The 
orbits n. 3927 (a-b) and n. 3941 (c-d) are shown, along with 
the aft look (left) and fore look (right). 
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3.5 Validation at C-band 
 
3.5.1 Analysis of the Upwind/Crosswind Asymmetry 
 
The validation at C-band has been performed at incidence angles of 40  and 54  in order to be consistent 
withthe angles used above, at Ku-band. This allows us to consistently analyze the differences between the 
two frequencies. In Figure 3.10, the C-band    trend, with respect to the wind direction, is shown as Fig. 3.6.  
An overall agreement in terms of wind speed is shown at medium-high wind regimes, using TSM-New. 
Main discrepancies at 54  at 10 m/s are present and they are due to an overestimation in crosswind direction, 
which compromises the whole wind direction range. At 4 m/s the TSM-Et model seems to better match the 
GMF, but as shown in Fig. 3.11, where    azimuthally-averaged has been computed to account for the wind 
sensitivity, the TSM-Et does not match the    trend for increasing wind speeds. The TSM-Et overlaps the 
GMF at 4 m/s and this explains why there is a perfect agreement at that wind speed, but the overall trend is 
not consistent with the one shown by the GMF, since it still shows an inconsistency at 7 m/s due to the two-
range logarithmic equilibrium parameter. It also saturates at wind speeds much lower than the CMOD5.n and 
this causes a bias of about 2 dB at higher winds. The TSM-New instead, slightly better agrees with the GMF 
trend, especially for wind speeds higher than 8 m/s, but in both the wind speed sensitivity and directional 
modulation, the agreement in Ku-band is much better than the C-band case.  
 
 
 
Figure 3.10. C-band V pol σ0 (Sigma0) at       (a-c) and       (d-f), for 4 m/s (left), 10 m/s (middle), and 16 m/s (right) versus 
wind direction. TSM-New (solid black) results are compared to the TSM-Et (dashed blue), and the CMOD5.n GMF (solid red). 
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Figure 3.11. C-band azimuthally-averaged  0 (Sigma0 AVG) modeled by TSM-New (solid black), TSM-Et (dashed blue) and the C-
band CMOD5.n GMF (solid red), for       (a) and       (b). 
 
Two main results arise from our analysis at C-band: At medium-high winds the TSM shows that the 
modulation with the wind direction is underestimated and in addition to that, the TSM does not perfectly 
represent the sensitivity to the wind speed as predicted by the CMOD5.n. These results can be handled by 
making an inter-comparison between the Ku-band and the C-band frequencies. In this sub-section we address 
the discrepancies in the directional modulation, the issue with the sensitivity to the wind speed is addressed in 
the next sub-section. 
In order to analyze the behavior of the upwind/crosswind asymmetry, we have focused on the    at wind 
speeds of 12 m/s, 14 m/s and 16 m/s and incidence angle of 54  because, as shown in Fig. 3.11, in these cases  
the C-band TSM-   is almost equal to the GMF. In this way, the possible discrepancies seen with respect to  
the wind direction, will not be compromised by a disagreement due to the wind speed, i.e. to the 
omnidirectional component of the spectrum. We have focused on a shorter wind directions range, that is 
between      and   1   , with the aim of analyzing only the upwind/crosswind asymmetry. In Figure 
3.12, the three     trends as predicted by the C-band GMF are compared to the trends obtained with the Ku-
band GMF. The results are then compared to the corresponding     trends modeled by TSM-NewC and TSM-
NewKu for C-band and Ku-band, respectively. The two GMFs clearly show that the upwind/crosswind 
asymmetry behave differently. To quantify this diversity, we have computed the difference between      
    and           using the GMFs. At C-band the asymmetry is about 1.2 dB higher than at Ku-band. On 
the other hand, by looking at the results of the TSM, the TSM-NewC    has almost the same trend of the 
TSM-NewKu    between      and      , therefore, it is clear that the modeled upwind/crosswind 
asymmetry is not able to describe the difference predicted by the GMFs. The values of the asymmetry 
modeled by       , as shown in Eq. (2.24), match the Ku-band case, but they underestimate the C-band, 
therefore some modifications need to be included such that they do not change the Ku-band but they increase 
the asymmetry in C-band. Therefore, we have decided to modify Eq. (2.24) such that the C-band Bragg 
wavenumbers are placed around the spectral peak    of the directional component. This has been performed 
 Towards an Optimized Theoretical Model in Clear Air 
43 
 
by reducing the    values – it defines    as          in Eq. (2.24) – by a scaling factor      
     
representing the ratio between the radar wavenumbers at Ku-band     
   and C-band (  ). This scaling factor 
has been defined such that it represents the deviation between the radar frequency (or radar wavenumber) at 
C-band and Ku-band. The latter is used here as a reference, due to the good agreement obtained with the 
GMF. Therefore, such ratio is equal to 2.53 at C-band, whereas it is equal to 1 when the radar frequency 
corresponds to the Ku-band. Such modification also leads to modification of the contribution of the long 
waves term    in Eq. (2.24), which has been increased of the same factor. Hence, the new formulations to 
account for this parameterization are   
  
 
 
   and   
       , respectively. By applying this correction, 
the contribution computed at C-band Bragg wavenumbers becomes higher with respect to the previous case, 
without modifying the Ku-band case. The results with the modified spreading function are shown in Fig 3.12 
in TSM-NewC-sp (“sp” indicates the inclusion of the new parameterizations in the spreading function). As 
expected, the modeled asymmetry has been increased and it better fits the GMF trend at C-band, especially at 
14 m/s. Although this correction is not intended as a final configuration of the spectrum, it suggests two new 
features, which the shape of the upwind/crosswind asymmetry has to account for to better match both 
frequencies:        needs to have higher values in the C-band Bragg wavenumber range, and the increasing 
values for        should be related to the values of the deviation between the two frequencies. 
This analysis also proves that to develop a multi-frequency theoretical model, the diversity in the radar 
sensitivity to the wind direction must be accounted for and this sensitivity is mostly enclosed in the 
upwind/crosswind asymmetry. 
 
 
 
Figure 3.12. Comparison between the C-band (black) and Ku-band (red)  0 versus wind direction ranging between      and   
    , at      , for 12 m/s (a), 14 m/s (b) and 16 m/s (c). The C-band (CMOD5.n) GMF (solid black) upwind/crosswind asymmetry 
is about 1.2 dB higher than the Ku-band QuikSCAT (QSCAT) GMFs (solid red). The corresponding TSM-NewC (dashed black) and 
TSM-NewKu (dashed red) have almost the same asymmetry. TSM-NewC-sp (dashed-dotted blue) accounts for an enhanced 
asymmetry at C-band, without changing the Ku-band, considering a spreading function modified accordingly.  
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3.5.2 Analysis of the Sensitivity to Wind Speed 
 
As shown in Fig. 3.13 for 40  and 54  incidence, by comparing the    azimuthally-averaged at C-band 
and Ku-band as predicted by the GMFs, it is clear that at wind speeds ranging between 4 m/s to 8 m/s, the 
Ku-band increases more rapidly with the wind speed, proving that the C-band is less sensitive to the wind 
speed in this wind range. Looking at the sensitivity shown by the proposed TSM-New, at both frequencies it 
clearly follows the wind speed trend of the    equilibrium range parameter as previously discussed. 
However, the    trend proves to perfectly match the predicted Ku-band sensitivity, but it does not fit that of 
C-band. Indeed, the TSM-New-C tends to follow the Ku-band GMF, especially at wind speeds lower that 10 
m/s.  
 
 
 
Figure 3.13. C-band (black) and Ku-band (red) azimuthally-averaged  0 (Sigma0) as predicted by the corresponding GMFs (solid) 
and modeled by TSM-New (dashed) at       (a) and       (b). The average of  0 at upwind, crosswind, and downwind 
directions is computed. The equilibrium range parameter        values (am) versus the wind speed are also shown (solid star) as 
proof of its influence in the TSM model. 
 
The diversity predicted by the GMFs can be physically justified by taking into account the effects of the 
non-linear wave-wave interactions. As discussed by Fois et al., (2015), these non-linear interactions have a 
strong impact on the ocean backscattering. The modulation induced by longer waves may change the 
statistics of the short wave components and in turn their interaction with the wind. Therefore, it is reasonable 
to assume that, if the interaction with the wind changes amongst the short wave components (specifically the 
Bragg wave components), then a diversity in the ocean responses sensitivity will occur when using different 
radar frequencies. In our model, these effects have been addressed by the inclusion of the hydrodynamic 
modulation function, but this term appears to not fully represent all the effects induced by the non-linear 
modulation as the different sensitivity to the wind. In order to properly model that in the TSM, the 
equilibrium range parameter needs to be able to change according to the observed ocean Bragg wave 
component, i.e. to the radar frequency, otherwise the same sensitivity to the wind speed is modeled for any 
Bragg wavenumber, as shown in Fig. 3.13. This suggests an important contribution: the short wave spectrum 
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equilibrium range parameter cannot be only a function of the wind speed (or friction velocity), but it may also 
include a relation with the ocean wavenumber, yielding a dependence on the Bragg wavenumber and, in turn, 
on the radar frequency. 
With the results of this analysis, we want to point out that, as for the case of the upwind/crosswind 
asymmetry, besides the physics of the ocean, it is essential to account for what the radars are sensitive to and 
then adjust the shape of the spectrum such that the ocean response is adapted to the Bragg wave component 
observed at a specific frequency. Next studies will be focused on investigating the modeling of this relation 
between the equilibrium range parameter and the ocean wave wavenumber, in order to optimize the 
agreement at C-band and also at other operational frequencies. 
 
 
3.6 Conclusion 
 
Several empirically-derived functions already exist to describe the relation between the ocean surface and 
the scatterometer signal to retrieve surface winds. However, they describe the ocean backscattering at a single 
frequency, they do not account for the physical interaction between the radar signal and the physics of the 
ocean and they may also fail in extreme wind conditions and rain events. A model able to reproduce, on a 
physical basis, the ocean response at any operational frequency represents an important contribution in the 
scientific community. Our goal is the definition of this theoretical model starting from two of the most 
frequently used frequencies in scatterometry, such as C-band and Ku-band. In this work, we have analyzed 
the parameters having major impact on the ocean response, we have derived a new configuration for them 
and we have discussed the main issues arising when trying to define a multi-frequency model. 
The proposed model is based on the well-established Two-Scale Model (TSM), which strongly depends 
on the representation of the ocean surface wind wave spectrum. Our spectrum model relies on the Elfouhaily 
model for the omnidirectional component and on the Pierdicca and Pulvirenti model for the spreading 
function. From our analysis, the sensitivity of the ocean surface backscattering coefficient  0 to the wind 
speed is mostly driven by the equilibrium range parameter   , introduced in the omnidirectional spectrum of 
the short waves. This parameter establishes the relationship between the wind speed, the wave spectrum and 
in turn with  0, so that to properly model this sensitivity, it is essential to accurately define this parameter. We 
have started by analyzing the Ku-band and we have defined a new functional relationship of    with respect 
to the wind speed, where an exponential law at low winds and a linear law at high winds are patched together 
with a new patching function, to define a unified law for the whole wind speed range. The proposed new 
unified expression has been defined such that no frequency-based constraints have been included, that may 
prevent the model to work at different frequencies. This configuration yields a remarkable agreement with the 
Ku-band QuikSCAT scatterometer empirical model function as well as with the actual data with a mean bias 
ranging between -0.09 dB and 0.6 dB and a standard deviation between 0.9 dB and 1 dB. It also corrects the 
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 0 misbehavior induced by the two-range logarithmic formulation presented by the Elfouhaily model. 
However, while such corrections are still valid when the proposed model is compared to the C-band empirical 
model, the agreement at C-band is not as good as for the Ku-band frequency. To further investigate the not-
optimal agreement at C-band, we have compared the ocean responses predicted by the C-band and Ku-band 
GMFs. The results demonstrate that, at these two frequencies, the  0 trends with respect to the wind speed 
behave differently. In particular at wind speeds lower than 10 m/s the C-band is less sensitive than the Ku-
band. This is probably due to the different ocean Bragg wave components, which are regulated by different 
wind relations due to the non-linear wave-wave interactions and this leads to different ocean responses. 
Moreover, the predicted upwind/crosswind  0 asymmetry at C-band is about 1.2 dB higher than the Ku-band, 
especially at medium-high wind regimes. These diversities make the definition of a multi-frequency 
theoretical model even more complicated: this model should be able to not only describe the interaction 
between the radar signal and the ocean physics but, it also needs to account for the different sensitivity to the 
wind in both speed and direction, when using different radar frequencies. Our analysis reveals that by 
exploiting the relationships available in the literature, an equilibrium range parameter depending only on the 
wind speed as well as an upwind/crosswind asymmetry (      ), is not able to reproduce the diversity of the 
ocean response seen at different radar frequencies. The GMFs clearly show that there is a dependence on the 
radar frequency, suggesting that additional relations should be included in those parameters. Our test suggests 
that        needs to have higher values in the C-band Bragg wavenumber range, and the increasing values 
for        should be related to the values of the deviation between the Ku-band and C-band frequencies. On 
the other hand, the equilibrium range parameter should include not only a relation with the wind speed (or 
friction velocity) but it should also account for the ocean wavenumber, which would lead to a dependence on 
the Bragg wavenumber and then on the radar frequency.  
It is worth noticing that, our new spectrum configuration defines a significant agreement at Ku-band and 
it better represents the ocean response at C-band, compared to the other models used in our analysis. 
However, in order to have an optimal agreement at any frequency, the difference in the radar sensitivity to the 
ocean when using different frequencies must be accounted for. This requires a full understanding of the 
sources of these differences and it requires a corresponding modification of the shape of the spectrum. We 
will investigate that in order to reach a final optimized configuration for a multi-frequency ocean response. 
Such investigation is left for future work. 
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Chapter IV 
Theoretical Modeling in Rainy Conditions 
 
 
4.1 Introduction to Surface Rain Effects on Ocean Scatterometry 
 
Atmospheric rain has a strong impact on spaceborne scatterometer signal and several investigations have 
been carried out in order to understand and address the effects of the rain on scatterometer observations and 
wind retrievals at Ku-band radar frequency [Weissman et al., 2005; Weissman and Bourassa, 2008; 2011] as 
well as at C-band frequency [Lin et al., 2013; 2014; 2015]. 
The rain contaminates the scatterometer measurements in several ways: (i) Atmospheric rain modifies the 
scatterometer signal by introducing an attenuation factor once the signal passes through the atmosphere in 
both directions. This is mainly seen at rain rates higher than 5 mm/h. (ii) Rain increases the signal by adding a 
scattering contribution produced by the rain volume. (iii) Rain modifies the roughness of the surface by 
impinging on it. These “splash” effects modulate the distribution of the ocean waves, causing a modification 
of the ocean wave spectrum and in turn of the surface backscatter. (iv) Rain modifies the wind field by 
inducing downdraft phenomena, which often hit the ocean surface, leading to wind variability in speed and 
direction. Such variability causes a degradation of the quality of the scatterometer wind retrievals. 
The strength of these rain effects on the scatterometer signal depends on the radar frequency, the higher 
the frequency, the larger the impact of the rain attenuation and the volume backscattering. Indeed, it is known 
that for Ku-band system, these two rain contributions have a significant impact, whereas for C-band 
scatterometers, they are relatively small. The rain-induced roughening of the ocean surface affects both C-
band and Ku-band frequencies, but its effects are visible depending on the wind intensities and the instrument 
resolution. Recently, it has been recognized that the C-band signal is mainly affected by the rain-induced 
wind variability [Lin et al., 2015]. Specifically, the non-homogeneous winds induced by the rain-generated 
downdraft, increase the wind variability within the sampling errors, leading to artifacts in the wind retrievals 
that must be accounted for. 
In order to provide reliable wind products to the users, several semi-empirical techniques have been 
developed to address the rain effects on scatterometer backscattered signal [Weissman et al., 2012]. Such 
techniques consist in: rain-contaminated data flagging [Haddlenston and Stiles, 2000], definition of advanced 
retrieval algorithm employing observation from passive radiometers [Hristova-Veleva et al., 2013], 
development of enhanced quality control systems [Portabella et al., 2012], development of backscatter semi-
empirical models including both wind and rain effects [Draper and Long., 2004; Nie and Long, 2007] and use 
of neutral-network approach to map the radar backscatter to wind speed in all weather conditions [Stiles and 
Dunbar, 2010]. However, a full understanding of the impact of the rain is still under investigation. 
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Figure 4.1. Splash effects due to a raindrop falling onto the water surface [Contreras et al., 2003]. 
 
Many studies have tried to improve the theory of the radar observations of the ocean surface, in presence 
of rain. On the one hand, Le Mehaute (1988), Craeye et al. (1997; 1999), and Bliven et al. (1997), carried out 
laboratory studies, which identified the generation of surface ring waves as a dominant contribution in 
presence of rain. At scatterometer frequencies, such ring waves can come into resonance with the incident 
electromagnetic waves, so that they may increase the backscattered power. Sobiesky and Bliven, (1995) 
concluded that, although the rain-induced effects of crowns/crates and stalks are not negligible at Ku-band 
frequency, their effects are much smaller that the ring waves. A representation of these splash effects is 
illustrated in Fig. 4.1. By using data collected from the Kwajalein Experiment (KWAJEX), Contreras et al. 
(2003) have found that for wind speed below 10 m/s, the surface roughening effects induced by rain is 
stronger than surface wind effects, limiting the wind estimation. On the other hand, as presented by Tsimplis 
and Thorpe, (1989) and Nyusten (1990), rainfall had been also associated to short-gravity waves damping. In 
contrast to the ring-waves, this effect produces a decrease of the surface roughness, introducing a decrease of 
the ocean surface radar return. Based on these theories, Contreras and Plant, (2006) have presented a model of 
the ocean surface backscattering coefficient accounting for both wind and rain on theoretical basis. This 
model is based on a physical representation of the ocean surface roughness accounting for both ring waves 
and short-gravity wave damping. However, as the authors explained, the model has been tuned to match the 
measurements at Ku-band in both rainy and non-rainy conditions, and the simulations performed at other 
frequencies in absence of rain have not been validated with empirical model functions or real data. The 
evaluation of the rain effects has been also performed by Draper and Long (2004), but their model does not 
fully describe the modification of the ocean surface waves due to the impact of the raindrops. 
Defining a theoretical model of the scatterometer backscatter able to account for the effects of both wind 
and rain is extremely challenging. Especially for the surface, a full understanding of the all the surface 
modifications induced by the impact of the raindrops is still an open issue, making the complete evaluation of 
the surface rain effects difficult to be performed. However, a theoretical model would represent a valuable 
contribution for several applications in scatterometry, such as studying the rain signature on the scatterometer 
observations, analyzing the uncertainty of the wind retrievals due to the rain. It would also provide the 
opportunity to jointly estimate wind and rain. Therefore, here we present our approach to build such a model, 
based on the work performed by Contreras and Plant. (2006). To describe the surface backscattering 
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coefficient in non-rainy conditions, we have used the Two Scale Model (TSM), where the new ocean surface 
wave spectrum configuration, as described in Chapter III, has been included (TSM-New). Although further 
investigations are needed in order to obtain a final form able to model the ocean surface backscattering at any 
frequency, the TSM-New shows significant results at Ku-band frequency. Hence, we use it here as backbone 
model to further investigate the ocean response in presence of rain. 
 
 
4.2 Methodology 
 
4.2.1 Rain-affected Ocean Wave Spectrum  
 
To describe the ocean surface roughness modification caused by the rain, we have defined a rain-
extended ocean surface wind wave spectrum, by including the effects of the ring waves and the rain-induced 
wave damping, in addition to the effect of the wind. 
The wind wave damping is based on the theory proposed by Nyusten, (1990). This theory states that the 
attenuation of the ocean waves is due to the propagation of the kinetic energy caused by falling raindrops over 
the ocean surface and subsurface. The kinetic energy generates ripples on the surface, causing a turbulent 
layer, which overlays the background layer. The latter is the place where the ocean wind waves have the 
highest velocity, so that the superimposition of a turbulent layer causes the waves attenuation.  
To characterize the ocean surface turbulent layer associated to the rain event, the theory of Nyusten relies 
on the concept of the “eddy viscosity”. In fluid dynamics, the fluid turbulence is associated to eddies 
characterized by several length scales. It consists in the kinetic energy transfer from bigger eddies to smaller 
eddies, where the energy is then transformed into heat due to the effect of the viscous dissipation. The eddy 
viscosity    is used to model the turbulent phenomenon and it is expressed as the product of the turbulence 
length scale l, and velocity scale  . These quantities are described by the Kolmogorov theory as   
          and                  , with   the kinematic viscosity and   the dissipation rate of the kinetic 
energy. Therefore, modeling the turbulence requires the definition of  -  or  -  [William, 2005; Landahl and 
Christensen, 1992]. 
To parameterize the turbulent layer generated by the raindrops falling into the ocean surface, the theory of 
Contreras and Plant, (2006) suggests that the size of the raindrop-generated eddies is equal to the diameter   
of the raindrop, such that    , whereas the energy dissipation rate   equals the raindrops kinetic energy flux 
 , so that          with      the mixing depth of the turbulent layer. Thus, the velocity scale   can be 
defined as: 
 
   
  
      
 
   
, (4.1) 
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where    is the water density, included after a dimensional analysis [Contreras and Plant, 2006]. 
Therefore, the eddy viscosity   , characterizing the turbulent layer due to the raindrops falling into the 
ocean surface can be defined as follows: 
 
        
  
      
 
   
. (4.2) 
 
Here, we have assumed       19 cm as proposed by Contreras and Plant, (2006), based on the 
experiments conducted in a tank of 19 cm depth by Tsimplis, (1992). According to Eq. (4.2), it is necessary to 
define the kinetic energy flux   of the falling raindrops to completely characterize   . In this work, we have 
relied on the formulation proposed by Fox, (2004), who defined   as:  
 
       
   
 
  
      
      
 , (4.3) 
 
where we have used                     m-1 (with    the rain rate),     and         m
-4
 
as the Drop Size Distribution (DSD) parameters of the consolidated Marshall and Palmer DSD [Marshal and 
Palmer, 1948]. By this definition,    becomes a function of the rain rate. 
Therefore, according to the theory proposed by Nyusten, (1990), the eddy viscosity can be used to 
compute the rain-induced enhanced attenuation of the ocean waves characterized by wavenumber k. Such 
attenuation is defined as follows: 
 
                 
              
      
  
           , (4.4) 
 
where    is the dynamic viscosity of the background surface layer and    as defined in Eq. (4.2). 
Base on this concept, in order to account for such wave damping, we have then used Eq. (4.4) as 
attenuation factor of the ocean wave spectrum in the small-scale wave range when the rain is present (rain 
rate      mm/h). In absence of rain, there is not any turbulent layer so that the rain-induced wave 
attenuation is zero. Hence, we have parameterized such attenuation in the whole    range as: 
 
         
                  for     
 
                                for     
  . (4.5) 
 
In addition to the wave damping, we have included the effects of the ring waves since they are the 
dominant contributors in roughening the ocean surface. Experimental data allowed the development of a 
spectral model of the rain-generated ring waves. Such model is described by Bliven et al. (1997), and it is 
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used here as an additional contribution on the ocean surface short waves spectrum. The spectral shape of the 
ring waves is defined as a log-Gaussian wavenumber representation as shown in Eq. (4.6):  
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where   ,  ,   and   are the phase velocity, the acceleration due to gravity, the density of water and water 
surface tension (   74 cm3s-2). In this model, the peak frequency    and the bandwidth    are independent 
on   , whereas the RR-dependence is shown by the spectral peak amplitude                 
    . Thus, 
at      mm/h,         . 
Therefore, our rain-extended omnidirectional curvature spectrum has been modeled such that: 
 
                 
                       , (4.7) 
 
where       is the long wave curvature spectrum as expressed in Eq. (3.1) [Elfouhaily et al., 1997],      
    
is our proposed short waves curvature spectrum, which includes the modified equilibrium range parameter as 
described in Eq. (3.6). It is worth pointing out that to define the directional spectrum, the spreading function 
is used to multiply only       and      
   . Ring waves are isotropic, so that their contribution does not 
depend on the wind direction. 
The results of the rain affected omnidirectional elevation and curvature spectrum are illustrated in Fig. 
4.2(a) and Fig. 4.2(b), respectively. The spectrum has been computed at wind speed of 5 m/s and for rain rate 
values equal to 0 mm/h, 1 mm/h, 5 mm/h, 10 mm/h, 20 mm/h, 50 mm/h, 100 mm/h. To compute the wave 
damping, a distribution of raindrops having a mean diameter of 1.5 mm has been considered. The comparison 
between the rain affected and rain free models is also shown. The results are consistent to expectations. The 
rain-affected spectrum at wavenumber corresponding to the short waves increases with the rain intensity due 
to the effect of the ring waves. The wave damping contributes to the modification of the spectrum as can be 
seen in Fig.  . , however, this effect is much smaller compared to the ring waves’ effects, as observed by 
Bliven et al., (1993), so that it cannot be seen in Fig. 4.2. 
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Figure 4.2. Omnidirectional elevation (a) and curvature (b) spectrum model where the tuned E spectrum of surface wind waves at 
wind speed U10 = 5 m/s is considered (dashed-black). The corresponding rain-affected spectra (solid-red) are computed for rain rate 
values equal to RR = 1, 5, 10, 20, 50, 100 mm/s. The black arrow points out the direction of the increasing rain intensity. 
 
 
 
Figure 4.3. Zoom-in of the omnidirectional curvature spectrum model in the short wind waves region at wind speed U10 = 5 m/s. 
Comparison between the rain-free model (dashed-black) and rain-induced wave damping (solid-red). Rain values are RR = 1, 5, 10, 
20, 50, 100 mm/h. The black arrow points out the direction of the increasing rain intensity. 
 
 
4.2.2 Simulation of Rain-affected Surface Backscattering Coefficient 
 
The Two-Scale Model (TSM) has been used to physically describe the ocean surface backscattering 
coefficient in presence of both wind and rain. To simulate the ocean backscattering, we have then properly 
modified the SEAWIND2 software, previously used to simulate the NRCS in clear weather, in order to 
include our rain-extended wind wave spectrum accounting for the ocean surface roughness modifications due 
to the raindrops' impact. We have then derived a new software version that has been called SEAWIND3.  
(a) (b) 
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We have first simulated the azimuthally-averaged Ku-band NRCS for wind speed of 7 m/s. The mean has 
been computed by averaging the NRCS for wind direction ranging between    to    . Such angles, frequency 
and wind speed have been chosen in order to meet the conditions proposed by Contreras and Plant, (2006). 
Their work has been used, here, to make comparisons with our results in order to firstly test the magnitude of 
the modeled rain effects. Different rain rates as RR = 0 mm/h, 1 mm/h, 10 mm/h, 40 mm/h have been 
considered and comparisons with the NRCS in non-rainy conditions have been also performed. The NRCS 
has been computed for incidence angles ranging between     and    . This range has been chosen according 
to the angles where the Ku-band GMF has been defined. We have included the comparison with the NRCS in 
non-rainy condition and the empirical GMF, in order to further prove the reliability of our model in clear air 
at different incidence angles. The results are shown in Fig. 4.4. A remarkable agreement between the 
proposed theoretical model in non-rainy conditions (TSM-wind) and the empirical GMF is obtained. Overall, 
the rain increases the NRCS, due to the dominant roughening of the ring waves. The model in rainy 
conditions (TSM-RR) agrees with the results shown in Fig. 5 of Contreras and Plant, (2006) (hereafter CP). 
However, our analysis differs from their work since it reveals that, within the range of     and    , the rain 
affects more lower incidence angles than higher angles. This difference is probably due to our different 
representation of the NRCS in non-rainy condition compared to their model. Additional tests have been also 
carried out for different wind speeds. Results are shown in Fig. 4.5 and 4.6 for 4 and 16 m/s, respectively. As 
expected, the rain effects on the ocean return are higher at lower winds. As the wind increases, the roughness 
generated by the wind prevails over the rain-induced modifications. 
 
 
 
Figure 4.4. Simulations of azimuthally averaged Ku-band NRCS in vertical polarization, versus the incidence angles, with rain (red) 
and no rain (black), for wind speed of 7 m/s. Rain rates RR = 1 mm/h (top), 10 mm/h (middle) and 40 mm/h (bottom) have been 
analyzed, according to the work presented by Contreras and Plant, (2006). The model in non-rainy conditions is validated by 
comparing the results with the empirical GMF of Ku-band QuikScat (blue star). 
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Figure 4.5. Simulations of azimuthally averaged Ku-band NRCS in vertical polarization, versus the incidence angles, with rain (red) 
and with no rain (black), for wind speed of 4 m/s. Rain rates RR = 1 mm/h (top), 10 mm/h (middle) and 40 mm/h (bottom) have been 
analyzed. The model in non-rainy conditions is validated by comparing the results with the empirical GMF of Ku-band QuikScat 
(blue star). 
 
 
Figure 4.6. Simulations of azimuthally averaged Ku-band NRCS in vertical polarization, versus the incidence angles, with rain (red) 
and with no rain (black), for wind speed of 16 m/s. Rain rates RR = 1 mm/h (top), 10 mm/h (middle) and 40 mm/h (bottom) have been 
analyzed. The model in non-rainy conditions, for different incidence angles is validated by comparing the results with the empirical 
GMF of Ku-band QuikScat (blue star). 
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4.3 Validation in Presence of Rain  
 
4.3.1 Simulated Wind and Rain Scenario 
 
The rain effects on the ocean surface backscattering coefficient (  ) have been firstly evaluated in a 
simulated scenario. We have decided to focus on the Ku-band frequency due to the reliability of our model in 
non-rainy conditions. The analysis has been performed for an incidence angle   equal to     and    , as for 
the case of clear air (Chapter 3).  
We have first analyzed the effects on the    directional component. To do that, we have computed    in 
the whole wind direction ( ) range between    and     , for wind speeds covering low, medium, medium-
high and high wind speed regimes, corresponding to 4 m/s, 10 m/s, 16 m/s and 20 m/s, respectively. The 
analysis has been performed for different rain rates as    = 1 mm/h, 5 mm/h, 10 mm/h and 15 mm/h. The 
results are shown in Fig. 4.7 and Fig. 4.8 for   equal to     and    , respectively. Overall, the rain causes an 
increase of    for the entire wind direction range. However, the rain tends to smooth the directionality of    
and it reduces the upwind (    ) and crosswind (     ) asymmetry, which is essential to estimate wind 
direction from scatterometer observations. In particular, these effects are more evident at low wind speed and 
they increase for higher rain rates. 
 
 
Figure 4.7. NRCS (  ) versus wind direction at an incidence angle equal to 54o. Comparisons are shown between    in non-rainy 
condition (black) and for RR equal to 1 mm/h (black-dotted), 5 mm/h (green-dotted), 10 mm/h (blue-dotted) and 15 mm/h (red-
dotted).    is computed for wind speeds of 4 m/s, 10 m/s, 16 m/s and 20 m/s. 
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Figure 4.8. NRCS (  ) versus wind direction at an incidence angle equal to 40o. Comparisons are shown between    in non-rainy 
condition (black) and for RR equal to 1 mm/h (black-dotted), 5 mm/h (green-dotted), 10 mm/h (blue-dotted) and 15 mm/h (red-
dotted).    is computed for wind speeds of 4 m/s, 10 m/s, 16 m/s and 20 m/s. 
 
Table 4.1 shows the upwind/crosswind asymmetry for the different wind speeds and rain rates. For both 
incidence angles, the values confirm that as the rain rate increases, this asymmetry decreases more rapidly at 
lower winds than higher winds. This means that    in crosswind direction is more affected by the rain than in 
upwind direction. In contrary,    in downwind (      ) is less affected by the rain compared to the 
upwind, causing an increase of the upwind/downwind asymmetry, as shown in Table 4.2. 
 
Table 4.1. Upwind/Crosswind asymmetry computed for different wind speeds (ws) and rain rates (RR). Two incidence angle are 
considered as   equal to     and    . 
 
 theta = 54 deg theta = 40 deg 
Up/Cross 
(dB) 
RR =  
0 
mm/h 
RR =  
1 
mm/h 
RR =  
5 
mm/h 
RR =  
10 
mm/h 
RR =  
15 
mm/h 
RR =  
0 
mm/h 
RR =  
1 
mm/h 
RR =  
5 
mm/h 
RR = 
 10 
mm/h 
RR =  
15 
mm/h 
ws = 4 m/s 4.769 3.133 2.360 2.055 1.890 4.484 1.69 1.271 1.153 1.095 
ws = 10 m/s 6.142 5.628 5.075 4.715 4.463 5.924 4.364 3.362 2.908 2.649 
ws = 16 m/s 3.825 3.662 3.465 3.326 3.223 3.906 3.344 2.852 2.586 2.422 
ws = 20 m/s 3.039 2.943 2.825 2.740 2.676 2.989 2.682 2.383 2.209 2.099 
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Table 4.2. Upwind/Downwind asymmetry computed for different wind speeds (ws) and rain rates (RR). Two incidence angle are 
considered as   equal to     and    . 
 
 theta = 54 deg theta = 40 deg 
Up/Down 
(dB) 
RR =  
0 
mm/h 
RR =  
1 
mm/h 
RR =  
5 
mm/h 
RR =  
10 
mm/h 
RR =  
15 
mm/h 
RR =  
0 
mm/h 
RR =  
1 
mm/h 
RR =  
5 
mm/h 
RR = 
 10 
mm/h 
RR =  
15 
mm/h 
ws = 4 m/s 1.101 1.571 1.882 2.022 2.098 0.928 1.635 1.793 1.835 1.849 
ws = 10 m/s 1.334 1.415 1.513 1.584 1.638 1.066 1.255 1.423 1.513 1.567 
ws = 16 m/s 1.539 1.601 1.678 1.734 1.776 1.213 1.33 1.447 1.515 1.559 
ws = 20 m/s 1.599 1.654 1.724 1.774 1.813 1.247 1.349 1.450 1.510 1.550 
 
 
Then, we have analyzed the    trend versus the wind speed for upwind, crosswind and downwind. The 
rain does not significantly affect higher winds in all the three cases and it is also evident that, at wind speed 
lower than 10 m/s, the crosswind direction is characterized by an enhanced increase compared to the other 
two directions. These results are shown in Fig. 4.9 for   equal to    . Same trends are obtained for   equal to 
   (not shown here). 
 
 
Figure 4.9. NRCS (  ) versus wind speed at an incidence angle equal to 54o. Comparisons are shown between    in non-rainy 
condition (black) and for RR equal to 1 mm/h (black-dotted), 5 mm/h (green-dotted), 10 mm/h (blue-dotted) and 15 mm/h (red-
dotted).    is computed in upwind, crosswind and downwind directions. 
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4.3.2 Preliminary Analysis with Spaceborne Actual Data 
 
As mentioned in Chapter III, the spaceborne data used in this work are those collected by the ADEOS-II 
mission, during 2003. By carrying the Ku-band SeaWinds scatterometer and Advanced Microwave Scanning 
Radiometer (AMSR), the ADEOS-II spacecraft allowed simultaneous observations of near-surface winds and 
rain. By receiving weak microwave radiation from the Earth’s surface and atmosphere, AMSR measures 
physical parameters concerning water, such as water vapor, precipitation, sea surface temperature, sea surface 
wind and sea ice; therefore, a large dataset of collocated surface wind and rain is available from the 
ADEOSS-II mission. The data used in this analysis were kindly provided by NASA-Jet Propulsion 
Laboratory (JPL). The JPL Scatterometry Radar Science Team developed a retrieval algorithm to estimate 
geophysical parameters from AMSR observations. In presence of rain, this algorithm accounts for non-
uniform beam filling and hydrometeor structure uncertainty in a new way. It uses a Rain Indicator (RI) to 
determine degree of homogeneity of the rain within the satellite’s Field of View (FOV) and such information 
allows to choose the appropriate retrieval database to estimate the geophysical parameters of interest [Dunbar 
et al., 2006]. AMSR retrievals were used to correct and improve the SeaWinds    in presence of rain. Two 
models – empirical and physical – were developed by JPL to estimate the effect of atmospheric attenuation 
and rain volume backscattering on scatterometer measurements as a function of the retrieved geophysical 
parameters. Both corrections are provided within the user’s data products and we have decided to use the data 
corrected from the physical method [Hristova-Veleva et al., 2006]. 
AMSR data are organized in 12-km Wind Vector Cell (WVC) Quadrants. A set of four WVC quadrants 
covers each of the 25-km WVC of the L2A    SeaWinds data. Figure 4.10 displays the arrangement of the 
AMSR wind vector cell quadrants in the WVCs in the spacecraft swath. Since SeaWinds data are provided as 
1624x76 WVCs (covering the entire spacecraft swath and Earth circumference), we have decided to compute 
the mean of the AMSR measurements available in the four quadrants in order to have 1:1 correspondence 
between SeaWinds winds and AMSR rain rates measurements [Dunbar et al., 2006].  
 
 
Figure 4.10. Arrangement of the AMSR quandrants in the corresponding Wind Vector Cell within the spacecraft swath [Dunbar et 
al., 2006]. 
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As the scatterometer signal propagates through the atmosphere it interacts with the hydrometeors, water 
vapor and gases that are present there and they all act to attenuate the scatterometer signal (    ). In 
addition, in presence of heavy rain, the power that is backscattered by the precipitating raindrops (     ) adds 
up to the power scattered by the wind. Therefore, the full    measured by the scatterometer at the top-of-
atmosphere (  
   
) can be modeled as: 
 
  
   
             
 
    . (4.8) 
 
From Eq. (4.7), we have computed the surface contribution affected by both wind and rain (      ) to be 
compared with the model backscattering coefficient derived from our SEAWIND3 software. To do that, we 
have read from the SeaWinds data the   
   
, whereas from the AMSR dataset, we have focused on the 
measurements of      and  
 
    within the corresponding WVCs. The surface contribution determined from 
the data is illustrated in Fig. 4.11 for the fore and aft SeaWinds look directions. As for the clear air analysis, 
we have analyzed the data collected during Hurricane Isabel in 2003. We have focused on the orbit number 
3927 and 3941 corresponding to September 15
th
 from 1429 to 1611 UTC and September 16
th
 from 1404 to 
1545 UTC, respectively. The data are consistent to what it is expected. For light to moderate rain intensities, 
the attenuation prevails over the volume backscattering, causing a decrease of the radar return as the rain rate 
increases. Indeed, as shown in Fig. 4.11,        is higher than  
     as the rain rate increases, due to the rain 
attenuation effect. 
In order to compute the ocean surface backscattering coefficient from our rain-extended model, we have 
used the corresponding L2B surface wind vector in presence of rain, as well as the rain rate estimates from 
AMSR data as input of the SEAWIND3 software. The rain rate values are needed to compute the contribution 
 
 
 
Figure 4.11. Ku-band Seawinds NRCS versus the collocated AMSR rain rate measurements. Surface contribution (red) and NRCS at 
the top-of-atmosphere (black) are shown. 
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of ring waves and rain-induced damping in order to properly modify the spectrum in our optimized TSM. The 
SEAWIND3 software has been properly adjusted in order to read all these values directly from the 
corresponding data. Due to a limited speed of our processing system, we have decided to perform an analysis 
based on one single orbit, specifically the orbit number 3927. As for the clear air analysis, we have used those 
data from the outer beam (V pol), characterized by acceptable signal-to-noise ratio and acquired in the 
operating wind observation mode. For this analysis, rain-contaminated data have been selected by using the 
rain flag available in the corresponding L2A/L2B data products [Dunbar et al., 2006].  
The comparison between the surface    measured by the SeaWinds scatterometer (Sigma0meas) and the 
surface    modeled with our extended TSM (Sigma0TMS) in presence of rain, reveals that the model slightly 
underestimates the actual data with a mean bias of 1.8 dB and standard deviation of the difference of 2.8 dB, 
as shown in Fig. 4.12(a-b). By analyzing the difference between the modeled and measured sigma0, it is 
possible to notice that, besides the strength of the wind, the disagreement increases as the rain rate becomes 
higher. As shown in Fig. 4.3, the modeled damping rate of the short-gravity waves does not significantly 
affect the wave spectrum for increasing rain rates, suggesting that a possible over-attenuation of the surface 
waves is not the cause of such underestimation. Since the ring waves are the main contributors in the surface 
roughness modification, these results show that the ring waves do not fully cover the observed increase of the 
NRCS in presence of rain. This suggests that the additional roughening contributions from craters and stalks 
induced by the raindrops need to be accounted for. This is also shown by Fig. 4.13. The disagreement for 
wind speeds lower than 10 m/s, where the rain-roughening effects are expected to be more evident, is higher 
than for wind speed over 10 m/s and it also increases more rapidly as the rain rate increases. Such results are 
consistent with the observations of Contreras and Plant, (2006). They showed that an additional splash effect 
contribution is essential for agreement with Ku-band data at incidence angle higher that    . 
 
 
 
Figure 4.12. Scatterplot (a) of the modeled    with the rain-extended TSM versus the measured    with SeaWind scatterometer and 
normalized histogram (b) of the difference between the model and the measurements. 
 
(a) (b) 
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Figure 4.13. Difference between measured and modeled    versus AMSR rain rate. Different wind speed (ws) range are shown such 
as: ws < 5 m/s (blue), 5m/s < ws <10 m/s (green), 10 m/s < ws <15 m/s (magenta) and ws>15 m/s (red). 
 
 
4.4 Summary and Conclusion 
 
Rain compromises the scatterometer observations by introducing a volume backscattering and attenuation 
on the signal as well as by modifying the ocean surface roughness responsible for the surface radar return. 
The rain impact needs to be accounted for to derive corrected scatterometer wind retrievals. In this work, we 
have developed an approach to theoretically model the scatterometer surface backscattering coefficient in 
presence of rain. At this stage, we have not considered the volume backscattering and the rain attenuation. 
To model the backscattering coefficient of the ocean surface perturbed by the impact of the raindrops, our 
approach consists in the development of an ocean wave spectrum model, which is dependent upon both wind 
and rain parameters. We have used our wind wave spectrum model described in Chapter III, as background of 
this new rain-extended wave spectrum. We have modified such model in the short-gravity and capillary 
waves range, by introducing the rain-induced wave damping and the generation of the ring waves. Such 
spectrum has been properly implemented in the SEAWIND2 software in order to simulate the ocean surface 
backscattering coefficient in presence of both wind and rain. We have then developed a new version of this 
software, which has been called SEAWIND3. The magnitude of the simulated rain affects on the ocean 
surface NRCS, as proposed in this work, is in agreement with the work proposed by Contreras and Plant, 
(2006). 
The model has been firstly tested in a simulated scenario. With simulated wind and rain, the results show 
that the rain-generated ring wave effect is the dominant contribution, causing an overall increase of the NRCS 
of the ocean surface. Such effects are higher in low wind regimes than at higher wind regime, where the wind 
effects are expected to be dominant. In addition, the rain smoothes the directional component of the NRCS, 
suggesting that the rain may limit the possibility to correctly estimate wind direction from scatterometer 
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observations. The NRCS in crosswind direction increases more rapidly than in the upwind direction, causing 
a general decrease on the upwind/crosswind asymmetry essential for wind vector retrievals. On the other 
hand, the upwind/downwind asymmetry increases with the rain. Such results are consistent with previous 
observations of the rain effects on the ocean surface, proving that our proposed model properly addresses the 
contribution of the rain in the surface backscattering coefficient. 
The validation has been also carried out in a real scenario by the inter-comparison with the Ku-band 
SeaWinds scatterometer onboard the ADEOS-II spacecraft. We have continued the analysis started in clear 
air, focusing on the case study of Hurricane Isabel in 2003 (Chapter III). We have analyzed the data in 
presence of rain according to the rain measurements collected by the AMSR instrument. Our preliminary 
results show that the proposed model slightly underestimates the SeaWinds NRCS. This underestimation is 
probably due to the fact that the model does not account for the additional splash effects as craters and stalks, 
which instead may have a significant impact especially at lower wind regimes. Additional tests are planned to 
test these assumptions, but they are in agreement with the observations of Contreras and Plant, who showed 
that these additional effects may affect the ocean response at Ku-band for incidence angles higher than    .  
The validation reveals that this model properly represents the behavior of the ocean surface 
backscattering coefficient in presence of rain. In contrast with the model of Contreras and Plant, the proposed 
model has not been empirically tuned to match the Ku-band data. Adjustments have been done in clear air but 
they have been formulated in such a way to not include any empirical/arbitrary relation. In addition, 
compared to the model developed by Draper and Long, our model specifically accounts for the theoretical 
representation of the ocean surface modification induced by the rain. Therefore, although our model needs to 
be further investigated to obtain an optimal agreement with the data and to fully cover all the surface rain 
effects, it provides a significant improvement towards the theoretical modeling of ocean surface 
backscattering coefficient affected by rain and it proves to be a valuable tool for improving the knowledge of 
the scatterometer observations. 
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Chapter V 
Conclusion and Future Work 
 
 
The theoretical modeling of the ocean response is one of the most challenging tasks in ocean 
scatterometry. Empirical geophysical model functions (GMFs) are preferable by the scientific community to 
performed wind retrievals as well as wind analysis, and the ocean vector wind science team has reached high 
confidence on that. However, it has been also recognized that relying only on empirical models is not 
advisable, since they are based on other measurements affected by their own uncertainties and they are not 
able to fully account for the effects compromising the radar signal, such as very high wind conditions and 
rain events, causing additional uncertainty in the radar observations and wind estimates. A theoretical model 
has the big potential to describe the ocean response in a more complete way, helping the understanding of the 
physics of the observations and the development of improved model functions for more accurate wind 
retrievals. Especially now, as the ocean wind climate data records are improved and extended for studies of 
ocean/atmosphere interaction and Earth Climate system, reliable wind retrievals and deep knowledge of the 
scatterometer observations are critically needed. In this perspective, the objective of this research is to 
advance the theoretical modeling of the ocean surface backscattering coefficient, with the aim of 
understanding/addressing its limitations and to propose a new strategy towards a multi-frequency optimized 
model able to account for the effects of both wind and rain. 
This work has been divided in two main steps, consisting in: (i) modeling the ocean response in clear air 
and (ii) extending the model in presence of rain. Before including any additional effect that contributes to the 
radar signal, it is essential to firstly determine a reliable model in absence of rain. Many attempts have been 
done in the past, but this topic remains highly debated within the scientific community. Moreover, 
measurement-based empirical tuning is often included, limiting the model applicability to just those 
conditions where the tuned relations are valid. 
A single model able to operate at any frequency is highly desirable, however, such requirement is 
particularly difficult to achieve, since different radar frequencies are sensitive to different effects. For this 
reason, we have decided to perform this work starting from two of the most used frequencies in ocean 
scatterometry, such as C-band and Ku-band frequencies. To study and address the limitations of the 
theoretical modeling of the ocean backscattering, we have relied on the well-known Two-Scale Model based 
on the approach of Pierdicca and Pulvirenti, (2008). This model strongly depends on the representation of the 
ocean surface roughness, namely the ocean wind wave spectrum. According to the Bragg theory, the 
microwave scatterometer samples the ocean wave spectrum at a particular ocean wavenumber   , which 
changes according to the radar frequency but, it generally falls within the range of short wind-driven ocean 
surface waves. The wind/wave relation enclosed in the wave spectrum, regulates the   /wind relation in the 
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TSM, so that the main effort of this work was to identify and properly describe the spectrum parameters that 
mainly affect the wind/wave relation, in order to improve the TSM-based    response to the wind-forcing. 
We have carried out an inter-comparison among different wave spectrum models and based on the result, 
we have decided to rely on the model proposed by Elfouaily et al., (1997). When this spectrum is ingested 
into the TSM (TSM-E), it leads to a significant disagreement with the GMF-based   , especially at lower 
wind regimes. Thus, our approach has consisted in investigating TSM-based    in terms of the Elfouhaily 
spectrum model, in order to correct such disagreement. Our analysis reveals that, the spectrum parameter 
regulating the   /wind relation is the equilibrium range parameter (  ), which mostly drives the wind 
speed/wave relation. This parameter can be interpreted as the representation of equilibrium condition among 
the strength of the surface wind, the water viscosity and the non-linear wave-wave interactions. This 
condition determines the distribution of the ocean wave energy over the different ocean wave components. 
We have carried out a careful analysis of the    models available in the literature and we have found that, in 
contrast with the two-range logarithmic law proposed so far - where the two ranges refer to low and high 
wind regimes - an exponential    at low winds (      ) and a linear    at high winds (      ) significantly 
reduce the disagreement between the theoretical and empirical models. In addition, we have shown that a 
unified    law remarkably improves the TSM-GMF agreement in the whole wind range and we have defined 
a new patching function that combines together        and       . 
The validation of this model at Ku-band frequency shows that this relation leads to a very good 
agreement. Such validation has been performed by using the Ku-band QuikSCAT scatterometer GMF as well 
as the actual data collected by the Ku-band SeaWinds scatterometer onboard the ADEOS-II satellite, in 2003. 
Our work differs from others in that our spectrum adjustments are not the result of an empirical tuning 
relation derived by fitting the Ku-band    measurements and we have not introduced any arbitrary value that 
leads to such optimized agreement. Therefore, it can be used to investigate other frequencies. 
However, the validation performed at C-band frequency shows that this spectrum configuration slightly 
improves the agreement with the CMOD5 GMF and the results are not as good as for the Ku-band case. To 
explain such diversity, we have performed an inter-comparison between the C-band and the Ku-band GMFs. 
Such comparison reveals that the Ku-band frequency is more sensitive to the wind speed, meaning that slope 
of the   /wind speed relationship is slightly steeper than the C-band case. To reproduce such diversity, we 
have concluded that an    parameter as a function of only the wind speed does not meet this requirement. It 
is necessary to further modify the spectrum model to change the   /wind speed relationship according to the 
radar frequency. Based on our experience of the   , we have concluded that this can be achieved by properly 
defining    as a function of both wind speed ( ) and ocean wavenumber ( )        . In this way, as the 
radar frequency changes,            changes accordingly and in turn, the    dependence on the wind 
speed. Similar results are achieved for the upwind/crosswind asymmetry. This can be explained as a 
consequence of the different ocean wave components observed at different radar frequencies (Bragg waves). 
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The non-linear wave-wave interactions modify the shape of the surface wave components and in turn the 
relation with the surface wind, causing different ocean responses when different radar frequencies are used. 
Although we have not determined this new relation yet, the key point of this result is that, in order to 
obtained a theoretical model able to accurately describe the ocean response at any radar frequency, the 
different radar sensitivity to the wind must be accounted for. Scatterometers operating at different radar 
frequencies are sensitive to different ocean wave components, which are regulated by different wind/wave 
relations in order to keep the condition of equilibrium. This suggests new features of the ocean wave 
spectrum configuration and it reveals the importance of accurately modeling the equilibrium of the ocean 
waves. These new findings devise a new research path to further investigate the ocean surface backscattering 
coefficient towards a fully optimized multi-frequency theoretical model in non-rainy conditions.  
At Ku-band frequency, the very good agreement between the empirical model and our proposed 
theoretical model in absence of rain, has allowed us to broaden our analysis in a combined wind/rain 
scenario. Thus, the second step of this research has been focused on extending our spectrum model to 
properly include the ocean surface modifications induced by the impact of the raindrops, on a theoretical 
basis. Based on the work proposed by Contreras and Plant, (2006), Bliven et al., (1997) and Nyusten (1990), 
we have derived a new spectrum model that accounts for the generation of ring waves and the rain-induced 
short wave damping. In presence of rain, these two effects are known to be the main contributions to the 
ocean surface response. We have then analyzed the Ku-band ocean surface backscattering coefficient for 
different wind conditions and rain intensities. By focusing only on the ocean response, we have not 
considered the modifications of the radar signal due to atmospheric rain attenuation and volume 
backscattering. 
The magnitude of the rain effects in the    obtained with our rain-extended model has been first tested by 
comparing that to the model proposed by Contreras and Plant, (2006). The results reproduce fairly well their 
work, proving that the proposed model correctly represents the surface roughness modifications. Compared to 
the non-rainy    trend, for incidence angle ranging between        , our analysis reveals that the rain 
mainly affects lower incidence angles in this range, especially at low wind regimes, where the wind effects 
are expected to be small. In addition, the results show that the rain smoothes the directional component of    
by reducing the upwind/crosswind asymmetry and it also produces an overall increase of    due to the 
dominant roughening effects of the ring-waves. All these results are consistent with previous work available 
in the literature [Draper and Long, 2004, Contreras et.al, 2003], but the advantage of our model in presence of 
rain is that it has not been empirically tuned to reproduce these results and it specifically accounts for the 
physical representation of the ocean surface modification induced by the rain. 
However, our preliminary analysis using rain-affected actual data shows that our model slightly 
underestimates the rain effects. We have calculated the disagreement for different wind regimes and have 
shown that such disagreement increases with the rain rates and it is higher at lower winds than at medium-
high winds. This suggests that the ring waves do not fully represent the    increase due to the rain. Although 
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the additional splash effects, as crowns/craters and stalks, are considered of a secondary order compared to 
the ring waves, such effects cannot be neglected. To obtain an optimal agreement, they need to be accounted 
for, as also shown by Contreras and Plant. 
Therefore, this work has revealed novel important features of the ocean surface backscattering coefficient 
and, by investigating the ocean wind wave spectrum in both rainy and non-rainy conditions, we were able to 
learn a lot about the mechanisms that regulate the frequency-specific model response with respect to the 
ocean waves. Although the adjustments developed so far still need a more complete physical interpretation 
and remaining inconsistencies need to be accounted for, our approach has demonstrated to be able to improve 
the theoretical modeling of the ocean backscatter and to help the interpretation of few open issues observed in 
the ocean response. From these findings, there is evidence that the wind wave spectrum modifications may be 
the key point to understand the physical reasoning of the differences seen in the scatterometer-specific 
observations. Such characterization may also help to understand the reason why external factors, like rain and 
SST, affect the ocean response differently when using different frequencies. 
Additional analysis are already planned, consisting in using collocated Ku and C-band observations to 
advance the existing parameterizations for vertical and horizontal polarization, for a variety of incidence 
angles, in clear and rainy conditions, accounting for the rain attenuation and volume backscattering. The 
availability of a multi-frequency set of data from C-band ASCAT, Ku-band NASA SeaWinds, QuikSCAT 
and RapidScat scatterometers as well as AMSR-2 and WindSat microwave radiometers will offer the chance 
to effectively apply this methodology. Furthermore, such investigations will benefit from the new dataset 
offered by the very recent ISRO ScatSat-1 satellite that, by flying through a similar orbit plane of the C-band 
ASCAT, will provide for the first time a complete dataset of joint C/Ku-band measurements. 
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